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EXECUTIVE SUMMARY
The Wachusett Reservoir watershed is an integral component of the Metropolitan Boston 
water supply.  The Massachusetts Department of Conservation and Recreation (DCR) is 
responsible for water resource management and water quality protection and has 
implemented extensive environmental monitoring and modeling programs. These efforts 
have been used to identify and direct management priorities.   Also, a long term 
collaborative effort with the University of Massachusetts, Amherst has focused on 
improving data collection and watershed modeling.
From the environmental monitoring program, annual nutrient fluxes for total phosphorus 
(TP), nitrate (NO3-N), and total organic carbon (TOC) have been estimated.  These 
annual nutrient fluxes have assisted DCR to direct water quality management spatially 
throughout the monitoring period.  However, the program has had limited success in 
identifying the fluxes temporally due to budgetary restrictions on frequent routine 
sampling.  In order to more effectively utilize resources, collaborative research projects 
with the University of Massachusetts Amherst have been funded to investigate the 
potential for modeling hydrological variability in the Wachusett Reservoir sub basins to 
more effectively utilize available data. 
Several methods to estimate nutrient flux were investigated to evaluate the potential to 
interpolate a more complete and useful nutrient and hydrologic dataset.  These included 
multiple regression and mechanistic methods.  The regression methods utilized a 
geographical information system (GIS) and generated nutrient loading estimates at annual 
and monthly timescales.  Lumped mechanistic methods were used to generate daily 
hydrologic and nutrient loading estimates to more accurately capture temporal variability.  
The methods were compared to evaluate both accuracy and applicability of modeling at 
the various subbasins.
Application of the mechanistic models toward watershed management was another goal 
of the modeling project.  The model dataset generated was applied to optimize the DCR 
routine monitoring program.   Several potential improvements toward watershed 
monitoring were recommended to more accurately capture hydrologic and nutrient 
loading variability in the Wachusett Reservoir Watershed. 
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1 PROJECT BACKGROUND
1.1 INTRODUCTION
The University of Massachusetts Amherst has been involved in a collaborative research 
effort with the Massachusetts Department of Conservation and Recreation (DCR) to 
address watershed data collection, management, and modeling since 2001.  DCR is 
responsible for water resource management and water quality protection for the 
metropolitan Boston drinking water supply.  In order to maintain superior water quality 
of the source reservoirs, DCR is concerned with water quality and water quantity inputs 
to the reservoirs.  This research project focused on management of the Wachusett 
Reservoir Watershed, located in Worcester County. 
Water quality in the Wachusett Reservoir is determined through non-point source 
loadings from ten major tributaries, direct runoff from the land surface around the 
reservoir, and water transferred from the Quabbin Reservoir in western Massachusetts.  
Non-point sources can include storm water runoff, septic system discharges, and other 
sources such as farms, sewer pump station and transfer station spills.  Massachusetts 
DCR regularly monitors constituents of concern within the Wachusett Reservoir 
watershed in order to quantify the temporal and spatial variability in the reservoir 
loading.  The major constituents that can lead to water quality concerns in the reservoir 
include nitrogen, phosphorus, natural organic matter (NOM), and pathogens.  
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Nutrients such as nitrogen and phosphorus are of particular interest for watershed 
managers because these nutrients can induce algal blooms during the summer.  An algal 
bloom is a rapid increase in the population of algae in an aquatic system.  Algal blooms 
typically involve only a few phytoplankton species and some blooms may be recognized 
by discoloration of the water and are a major cause of diurnal DO swings.  Algae can be 
considered to be blooming at concentrations of hundreds to thousands of cells per 
milliliter, depending on the species.  Large algal growth produces a correspondingly 
higher organic concentration in the reservoir.  Dead organic matter becomes food for 
bacteria and bacteria growth uses up the dissolved oxygen in the water.  Large regions of 
low dissolved oxygen are associated with fish and aquatic organism death.  Algal blooms 
also are of concern because some species of algae produce compounds that cause 
aesthetic concerns in drinking water.  Tastes and odors are associated with low levels of 
compounds produced by several algal species.
NOM is a term which includes a variety of natural organic compounds including fulvic 
and humic acids.  Organic materials in source waters can react with chemical treatment 
agents in treatment plants to form disinfection by-products (DBPs).  Disinfectants are 
introduced to destroy pathogenic microbes which can adversely affect human health.  
DBP’s from chlorine disinfection can include trihalomethanes, haloacetic acids, 
haloaketones, and chloral hydrate, while disinfection from ozone can result in a variety of 
brominated compounds.  The ultimate concentration and type of DBP created from 
disinfection is a function of the disinfectant used, disinfectant dose, contact time, 
temperature, and pH of the water.  Wachusett Reservoir water treatment has recently 
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been converted to ozone disinfection with chloramine addition to provide residual 
protection.  Chloramines can both inactivate pathogens and prevent microbial growth as 
well.  Chloramination is used because it does not react as strongly as free chlorine to 
produce chlorinated DBPs.
Pathogens are biological agents that cause disease or illness in a host.  In terms of 
drinking water quality, pathogens include a variety of bacteria, viruses, and protozoa.  
Monitoring for every type of pathogen is impractical; therefore testing is focused on a 
limited range of indicator organisms which represent various types of contamination.  
Water quality monitoring for pathogens in the Wachusett Reservoir watershed is focused 
on fecal coliform, which is a surrogate for fecal contamination.  
In order to manage the Wachusett Reservoir for constituents of interest, it is important to 
quantify the sources of pollutants entering from the watershed.  The pollutants can come 
from a variety of natural process as well as human interactions which make monitoring of 
pollutant loading pathways essential.  Monitoring can be useful in understanding the 
spatial and temporal variations in loading as well as the effects of urbanization and land 
use development on reservoir water quality; however, extensive monitoring is a resource 
intensive endeavor.  Therefore, limitations on monitoring can lead to fragmented 
understanding of watershed processes.  In order to fill in gaps in monitoring data, 
modeling can be used to more fully understand the physical processes and trends.   The 
project was focused on developing models to appropriately quantify reservoir loadings as 
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well as to develop optimal monitoring plans to effectively capture watershed water 
quality characteristics.  
1.2 WACHUSETT RESERVOIR
The Wachusett Reservoir was built between 1897 and 1908 through damming of the 
south branch of the Nashua River.  It is a primary drinking water source for the 
metropolitan Boston, MA area, providing water to over 2.5 million residents.  The 
Wachusett reservoir is owned and managed by the Massachusetts Department of 
Conservation and Recreation (DCR) and the water supply system is under the joint 
control of DCR and the Massachusetts Water Resources Authority (MWRA).  DCR is 
responsible for managing and protecting the watershed, while the MWRA is responsible 
for treating and distributing water to the municipalities.  Figure 1-1 is a map of the 
Wachusett reservoir and surrounding watersheds including several major monitoring 
points and USGS gauging stations.  The drinking water supplied from the reservoir is 
unfiltered, therefore, the quality of water delivered to consumers depends primarily on 
watershed protection, natural purification processes, and disinfection by ozone and 
chlorine.
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Figure 1-1: Wachusett Reservoir Watershed
The Wachusett Reservoir has a watershed area of 108 mi2, a water surface area of 7 mi2, 
and a capacity of 65 billion gallons.  The physical characteristics of the Wachusett are 
summarized in Table 1-1.  Water is withdrawn primarily from the Cosgrove Intake 
located at the east end of the reservoir.  The Cosgrove Aqueduct supplies up to 380 
million gallons per day (MGD) to the Hultman Aqueduct in Marlborough, MA and the 
Wachusett Aqueduct supplies 2 MGD to the Hultman Aqueduct and the Sudbury 
Reservoir.  The reservoir can also bypass water directly to the Nashua River to maintain 
flow in the river or to limit storage in the reservoir.
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Table 1-1:  Attributes of Wachusett Reservoir
Physical Characteristics Value
Full Pool Volume 65 billion gallons
Total Watershed Area 108 square miles
Water Surface Area 7 square miles
Reservoir Length 7 miles
Shoreline Length 21 miles
Maximum Depth 120 feet
Mean Depth 48 feet
Full Pool Elevation 384 ft MSL
Watershed Protected 17.4 %
The Wachusett Reservoir is fed by ten sub-watersheds, direct runoff, and water 
transferred from the Quabbin reservoir in western Massachusetts.  The sub-watershed 
areas are represented in Table 1-2 and the two major contributors include the Quinapoxet 
and Stillwater rivers which account for 71% of the total watershed area.  The relative 
contributions are shown in Figure 1-2 to indicate the relative magnitude of contributing 
area in the Wachusett watershed and comprehensive GIS data is available in Appendix A.
Table 1-2:  Sub-watershed Areas of the Wachusett Reservoirir
Watershed 
Region
Area 
(km2)
Area 
(mi2)
Percent of Total 
Area
Boylston 1.05 0.41 0.38
French 5.49 2.12 1.96
Gates 8.21 3.17 2.94
Malagasco 2.13 0.82 0.76
Malden 3.81 1.47 1.36
Muddy 1.76 0.68 0.63
Quinapoxet 119.90 46.29 42.86
Stillwater 78.69 30.38 28.13
Washacum 20.16 7.78 7.21
W Boylston 0.92 0.36 0.33
Direct Inflow 37.60 14.52 13.44
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Figure 1-2:  Relative Contributing Area of Wachusett Reservoir Watersheds
1.3 PURPOSE AND SCOPE
The project was funded to assist DCR efforts to update the current Wachusett Reservoir 
management program.  The program includes routine monitoring of watershed tributaries 
in order to drive land use management and stormwater management programs.  These 
programs are essential to maintain superior reservoir water quality while balancing 
residential and industrial development in the watersheds.  In order to accomplish the 
management goals, the study investigated the following questions:
· What is the magnitude and timing of source loadings for nitrate, total phosphorus 
(TP), total organic carbon (TOC) from the Wachusett Reservoir subbasins?
· How can water quality modeling be used to quantify the magnitude and timing of 
source loadings?
· How well does current routine monitoring capture source loadings?
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· How should current routine monitoring be updated to more accurately capture 
source loadings?
In order to determine appropriate answers for the watershed management issues, the 
study was designed to accomplish several tasks including:
· Determine annual reservoir subbasin loadings using monitored tributary data
· Create and utilize water quality models
o At multiple time scales to capture spatial and temporal variability of 
loading from tributaries
o Of varying types (empirical, lumped mechanistic, partially mechanistic) to 
capture spatial and temporal variability of loading from tributaries
o That can be run and maintained by DCR
o Simplistic enough to be built based on existing data
· Assess potential errors associated with or routine monitoring
o Wet weather, infrequent monitoring, etc.
· Utilize water quality models to optimize standard monitoring programs
· Suggest additional monitoring needs
· Outline future potential model development and utilization
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2 WATER QUALITY CONCERNS
2.1 INTRODUCTION
The Wachusett Reservoir is affected by a range of pollutants which affect the water 
quality to varying degrees.  Constituents of concern for DCR range from microbial 
pathogens, nitrogen, phosphorus, and organic compounds.  Some pollutants can directly 
lead to water quality degradation while others affect the ecology of the reservoir which 
can diminish water quality. In the Wachusett Reservoir watershed, sources of pollution 
include agriculture and livestock, residential and commercial development, forestry, 
storm water runoff, and atmospheric deposition.  These sources account for the majority 
of pollutant loadings, however, point source spills have the potential to occur due to 
automotive and rail transport along the reservoir.  Both type of sources have the potential 
to degrade water quality.  In order to understand the influence of pollutant loadings, data 
collection and scientific inquiry is required to manage the impacts on the reservoir. 
2.2 MICROBIAL PATHOGENS
2.2.1 BACTERIA
Surface water supplies can be affected by a variety of pathogenic microorganisms such as 
bacteria, viruses, and protozoa.  Many bacterial pathogens, such as salmonlla and 
shigella, have long been known as potential waterborne disease vectors (Black et al., 
1978).  Most bacteria, however, have been effectively managed through the use of 
chlorine disinfection.  Testing for the variety of potential bacterial contaminants is an 
intensive process, therefore surrogate indicator species such as coliforms and fecal 
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coliforms have been utilized to indicate potential contamination and effectiveness of 
disinfection.  Studies have indicated that many enteric bacterial pathogens are as sensitive 
as or more sensitive to chlorine disinfection than coliform bacteria (Butterfield et al., 
1943). Since many bacteria can be managed with the use of chlorine disinfection, the 
presence of bacterial contamination in disinfected systems is not a significant threat in 
comparison with other microbial pathogens such as viruses and protozoa.
2.2.2 VIRUS
Water supplies also have the potential to contain many human enteric viruses such as 
rotaviruses, coxsachieviruses, and echoviruses (Melnick et al., 1978).  The presence of 
these enteric viruses has been associated with contamination from human wastes.  Point 
source discharges from wastewater treatment plants are prime sources for viral 
contamination, but the Wachusett Reservoir has no such discharges.  The potential for 
contamination in the reservoir comes from several other sources, including failing septic 
tanks, pump station overflows, or septage spills.  Viruses have been found to be more 
sensitive to disinfection than protozoa such as giardia, which can have relatively resistant 
cysts (Hoff and Akin, 1986).  Therefore, similarly with bacterial pathogens, the presence 
of viral pathogens is typically not a significant threat for water quality managers if 
appropriate disinfection is utilized.
2.2.3 PROTOZOA
Two types of protozoa have recently received increased attention, Giardia lamblia and 
Cryptosporidium parvum.  These organisms can exist in stages called cysts or oocysts 
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which are resistant to chlorine disinfection.  Giardia, a waterborne zoonotic protozoan 
parasite, is one of the most frequently reported parasites of humans and animals all over 
the world. Giardia cysts are transmitted by the fecal-oral route of humans and animals 
and have an incubation period of 7 to 14 days (Fayer et al., 2004). A common source of 
Giardia is sewage effluent.  In addition, it has been found in the feces of domestic 
animals, livestock and wild animals. The cysts in animal and environmental samples have 
been shown to be infective to humans (Thompson, 2000). Of the genetic groupings of 
Giardia, there have been two assemblages, A and B, that are known to be zoonotic and 
thus a threat to humans (Appelbee, 2005).
Another pathogenic protozoan with a resistant cyst stage is Cryptosporidium parvum.  
The discovery and monitoring of this protozoan is a fairly recent endeavor and there are 
methodological problems associated with laboratory testing methods of Cryptosporidium
(Clancy et al., 1994).  Also, there is recent data to suggest potential sub-species or strains 
of Cryptosporidium which have different preferential hosts (Carraway et al., 1997).  
These data could force a reevaluation of current testing methods which typically includes 
manual filtering and counting techniques, and common thought about the protozoan.  
Current literature suggests that domestic animals, livestock, and wildlife can serve as 
reservoirs of C. parvum.  There have been studies that investigated the cross-infectivity 
between humans and others species (O’Donoghue, 1995) where human isolates of 
Cryptosporidium have infected calves, dogs, cats, mice, and chickens.  Isolates from 
calves were found to infect humans.  Epidemiological evidence also suggests an infection 
risk between cats and pigs to humans (Rose, 1997).  From the literature data, non-point 
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animal derived sources and point source wastewater spills must be considered as sources 
of waterborne Cryptosporidium in the Wachusett Reservoir.    
2.3 EUTROPHICATION 
Watershed management for protection of drinking water supplies prevents pollutant and 
microbial contamination of the water supply.  Nutrients generated by nonpoint sources, 
and not removed though biological uptake within a watershed, eventually reach water 
supplies through transport in surface water or groundwater.  Nutrients and organic 
compounds present in a water supply have both direct and indirect effects on the water 
quality in the reservoir, water treatment operations, and the aesthetics of the water the 
customers receive (Walker, 1983). 
Water quality in a reservoir is directly related to the inputs of both nutrients and organics.  
Eutrophication is the result of nutrient enrichment in a body of water causing increased 
algal growth.  Increased biomass in a reservoir, due to algal growth, can deplete dissolved 
oxygen through respiration during non-photoperiod times as well as deplete oxygen due 
to decomposition of organic compounds.  Typically, phosphorus is the limiting 
macronutrient in freshwater systems (Walker, 1983) and is often the nutrient of highest 
concern in freshwater drinking sources.  Phosphorus controls can diminish the growth of 
algae by starving the organisms of a nutrient critical for growth.  
Nutrients and organic compounds can also complicate drinking water treatment 
operations.  Natural organic matter (NOM) in the source water can hinder floc formation 
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and can diminish the buffering capacity of the water, requiring chemical pH control 
within the treatment system.  High raw water turbidity increases filter clogging and 
reduces filter run time, leading to higher operation costs in drinking water plants.  
Incomplete removal of organics can also impart taste and odor concerns to the 
consumers.  The presence of organics increases the chlorine demand during drinking 
water disinfection and increases the formation of disinfection byproducts (DBP) in
drinking water.  Formation of DBP’s such as trihalomethanes (THMs) and haloacetic 
acids (HAAs) exposure risk since they are suspected carcinogens.  Lack of watershed 
management results in higher costs incurred by water utilities as well as potential health 
risks (Walker, 1983).
The Massachusetts Water Resources Association (MWRA) has been utilizing a new 
ozonation facility for primary drinking water disinfection.  Prior to the implementation of 
the facility, DBP levels were approaching EPA stipulated drinking water limits.  The 
ozontation facility improved finished water quality significantly with DPB levels 
remaining fifty percent below of the EPA regulated concentrations. 
2.3.1 NITROGEN
Nitrogen can occur in many forms in the environment and can act as a limiting 
macronutrient for algal and photosynthetic organism growth in freshwater, but most 
commonly in saline waters.  The effects of excess nitrogen loading to aquatic systems can 
lead to increased photosynthetic activity, which leads to oxygen depletion and 
eutrophication.  When present as ammonia, nitrogen can also be toxic to aquatic 
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organisms.  Nitric oxides present in the atmosphere from various industrial applications 
have led to nitric acid deposition.  Acid deposition has led to mineral leaching, 
diminished buffering capacity, and decreased pH of water bodies.  Decreased pH in 
waters can lead to diminished fish and other aquatic organism health.  Also, nitrogen can 
exert a significant oxygen demand on surface waters when present as organic N, 
ammonium, or ammonia.  
Sources of nitrogen in the Wachusett Reservoir watershed include wet and dry 
atmospheric deposition, septic tank leaching, agricultural runoff, urban runoff, and 
groundwater inflows.  Non-point sources of nitrogen are difficult to control, though 
nitrogen inputs can be mitigated through the use of various stormwater management 
practices.  Nitrogen is not considered to be a limiting nutrient in the Wachusett Reservoir,
however managing nutrient inputs can minimize seasonal instances of algal blooms.
2.3.2 PHOSPHORUS
Phosphorus has been identified as the most common limiting macronutrient for algal and 
plant growth in fresh waters.  When phosphorus levels become elevated, enhanced 
growth of algae, photosynthetic and heterotrophic bacteria, and aquatic plants can occur.  
With elevated growth of aquatic organisms, the ecology of the reservoir can be altered 
and can lead to eutrophication.  
Sources of phosphorus in the Wachusett Reservoir watershed include diffuse non-point 
sources such as septic tanks, agricultural runoff, urban runoff, and to a limited extent
forests.  The composition and types of phosphorus can vary between sources and is 
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divided into soluble and particulate forms.  Particulate phosphorus must be mineralized 
and hydrolyzed prior to organism uptake, which makes it less bioavailable and more 
likely to settle and be incorporated into reservoir sediment.  Soluble phosphorus has 
several forms which include soluble organic phosphorus, total dissolved phosphorus, and 
soluble reactive phosphorus.  Soluble reactive phosphorus is the most measured dissolved 
form because its role in eutrophication, however, the amount of total phosphorus is 
important because pathways exist to transform recalcitrant forms to biologically active 
forms.
2.3.3 ORGANIC COMPOUNDS
Organic compounds in water supplies can be problematic for water quality managers 
because of the potential for reaction with disinfectants which can create carcinogenic 
DBPs.  NOM is a general term for an abundance of organic species present in a water 
source.  Typically, organic matter is divided into dissolved organic carbon (DOC) and 
particulate organic carbon (POC) fractions which are determined by passing through a 
0.45 •m pore size filter.  Any organic compounds that pass through the filter are 
classified as DOC while the rest trapped on the filter is classified as POC.  DOC accounts 
for approximately 90% of the total organic compounds in most waters (Aiken and 
Cotsaris, 1995).
In the Wachusett Reservoir system, DOC is a precursor for DBP formation and is derived 
from two general sources; allochthonous organic carbon and autochthonous organic 
carbon.  Allochthonous organic carbon flows into the reservoir though surface and 
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groundwater runoff while autochthonous organic carbon is producted in the reservoir 
through microbial activity. Allochthonous organic carbon is largely imported in 
dissolved or colloidal form as humic substances and is derived from partial microbial 
degradation of lignin-cellulose compounds from higher plants (Wetzal et al., 1995).  
Loading of allochthonous organic carbon is directly correlated to rainfall (Jordan et al.,
1985).  Autochthonous organic carbon is produced largely by algal and cyanobacteria, 
and can exhibit a seasonal cycle.  
For watershed managers, determining the sources of NOM in the reservoir is important to 
direct watershed management programs.  In many natural lakes and reservoirs, over 60-
80% of the NOM in the water is recalcitrant allochthonous carbon.  However, event or 
seasonal dominance of autochthonous carbon can occur during algal blooms or if 
eutrophication occurs.  Therefore, in order to control NOM in source waters, 
identification of the NOM sources can allow watershed managers to focus efforts on the 
appropriate NOM controls.  Management for allochthonous carbon would include 
focused efforts on stormwater quantity management in the near reservoir urbanized 
regions, while management for autochthonous carbon would include copper sulfate 
addition to the reservoir and management practices to prevent nutrients from entering the 
reservoir.  
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3 WATER QUALITY MONITORING
3.1 INTRODUCTION
Water quality samples have been collected from the Wachusett Reservoir and watershed 
subbasins since 1989, but nutrient samples and weekly discharge measurements from the 
subbasins have been only collected since 1995.  Over this period, samples have been 
collected from 58 stations on 38 major and minor tributaries in the Wachusett Reservoir 
watershed, although the record is not complete for all parameters.  The monitored water 
quality parameters include total and fecal coliform bacteria, conductivity, temperature, 
dissolved oxygen, pH, alkalinity, turbidity, nitrate, total phosphorus, TOC, other selected 
nutrients and metals, hardness, color, and chlorides.
3.2 MONITORING LOCATIONS
The DCR monitoring for the Wachusett Reservoir has included ten major monitoring 
points near the outlets of the ten reservoir tributaries.  These major monitoring stations 
are located to accurately quantify pollutant loadings from the tributaries spatially, while 
upstream locations are sampled to identify potential sources of water quality degradation, 
primarily in terms of bacterial contamination.  All the locations are represented in Figure 
3-1 below and the specific numbers on the figure are identified in Table 3-1.  The outer 
line indicates the watershed boundary and the light blue objects in the watershed are 
known water bodies such as lakes or ponds.
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Figure 3-1:  Fifty-Eight Wachusett Reservoir and Tributary Monitoring Locations
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Table 3-1:  Fifty-Eight Wachusett Reservoir and Tributary Monitoring Locations
STATION LOCATION FREQUENCY
 1. Asnebumskit (Mill) upstream of Mill Street, Holden W
 2. Asnebumskit (Prin) upstream of Princeton Street, Holden W
 3. Ball Brook Route 140, Sterling W
 4. Beaman 2 Route 110, W. Boylston (homes) W
 5. Beaman 3 Route 110, W. Boylston (muskrat) W
 6. Beaman 3.5 Route 110, W. Boylston (horses) W
 7. Boylston Brook Route 70, Boylston W
 8. Chaffins (Malden) Malden Street, Holden W
 9. Chaffins (Poor Farm) Newell Road, Holden W
10. Chaffins (Unionville) Unionville Pond outlet, Holden W
11. Chaffins (Wachusett) Wachusett Street, Holden W
12. Cook Brook (Wyoming) Wyoming Street, Holden W, Q2
13. East Wachusett (140) Route 140, Sterling W
14. East Wachusett (31) Route 31, Princeton W
15. East Wachusett (Bull) Bullard Road, Princeton W
16. French Brook (70) Route 70, Boylston W, Q2
17. Gates Brook (1) Gate 25, W.Boylston W, Q2
18. Gates Brook (2) Route 140, W.Boylston W
19. Gates Brook (3) Worcester Street, W.Boylston W
20. Gates Brook (4) Pierce Street, W.Boylston W
21. Gates Brook (6) Lombard Avenue, W.Boylston W
22. Gates Brook (9) Woodland Street, W.Boylston W
23. Hastings Cove Brook Route 70, Boylston W
24. Hog Hill Brook Laurel Street, W.Boylston W
25. Houghton Brook Route 140, Sterling W
26. Jordan Farm Brook Route 68, Rutland W
27. Justice Brook Route 140, Sterling/Princeton line W
28. Keyes (Gleason) Gleason Road, Princeton W
29. Keyes (Hobbs) Hobbs Road, Princeton W
30. Keyes (Onion) behind Quik-Stop, Route 140, Princeton W
31. Malagasco Brook West Temple Street, Boylston W, Q2
32. Malden Brook Thomas Street,  W.Boylston W, Q2
33. Muddy Brook Route 140, W.Boylston W, Q2
34. Oakdale Brook Waushacum Street, W. Boylston W
35. Quinapoxet River (CMills) Canada Mills, Holden W, M
36. Quinapoxet River (dam) above circular dam, W.Boylston W
37. Quinapoxet River (Mill St) Mill Street, Holden W
38. Rocky Brook Beaman Street, Sterling W
39. Rocky (E Branch) Justice Hill Road, Sterling W, Q2
40. Scanlon Brook Crowley Road, Sterling W
41. Scarlett Brook Worcester Street, W.Boylston W
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42. Scarlett (Rt12) Upstream of Walmart, W. Boylston W
43. Stillwater (62) Route 62, Sterling W
44. Stillwater River (SB) Muddy Pond Road, Sterling W, M
45. Swamp 15 Brook Harris Street, Holden W
46. Trout Brook Manning Street, Holden W
47. Warren Tannery Brook Quinapoxet Street, Holden W
48. Waushacum (Conn) Jewett Road, Sterling W
49. Waushacum (filter) above filter beds, Route 12, Sterling W
50. Waushacum (Fairbanks) Fairbanks Street, Sterling W
51. Waushacum (Pr) Prescott Street, W.Boylston W
52. Waushacum (WWP) Gates Road, Sterling (pond outlet) W
53. West Boylston Brook Gate 25, W.Boylston W, Q2
54. Wilder Brook Wilder Road, Sterling W
 A.   3409 (Reservoir) Cosgrove Intake W, Q
 B.   3417 (Reservoir) mid reservoir by Cunningham Ledge W, Q
 C.   3412 (Reservoir) mid reservoir southwest of narrows Q
 D.    TB   (Reservoir) Thomas Basin Q
W = Weekly (bacteria, temperature, conductivity [tributaries], algae and profiles 
[Cosgrove or 3417])
M = Monthly (nutrients and metals)
Q   = Quarterly (algae, profiles, nutrients [reservoir])
Q2 = Quarterly +2 (nutrients- April, May, June, July, October, December)
Monitoring of the various tributaries has changed over the years and Figure 3-2 
represents the annual frequency of sampling throughout the duration of monitoring.  
Upstream monitoring has included extensive bacteria, temperature, and conductivity 
sampling taken at the tributary locations.  Bacterial samples have been collected to 
determine both the spatial and temporal variability of coliform in the upstream tributaries 
as well as potential human or animal fecal contamination.  The sites are sampled weekly 
throughout the year and additional samples are collected during storm events when 
possible.  Temperature and conductivity are measured in the field using a Corning CD-30 
conductivity meter, while bacteria samples are taken at the same locations but analyzed at 
DCR lab facility in West Boylston, MA (Cameron, 2002).  
3-5
3.3 MAJOR MONITORING STATIONS
3.3.1 DISCHARGE MONITORING
Discharge from the Wachusett Reservoir tributaries has been measured at eight of the ten 
subbasins.  The two tributaries unmonitored included Boylston Brook and Waushacum 
Brook.  At six of the basins, DCR monitors discharge with staff gage measurements 
collected on a weekly time scale.  There are, however, periods of no discharge 
measurements on the smaller tributaries due to icing.  In order to relate the staff gage 
measurements to discharge values, USGS has developed a series of stage-discharge 
relationships for each of the major monitoring sites.  A stage-discharge relationship is 
created through a series of sampling events in which the water level in a stream is related 
to the discharge at that instant.  Determining the discharge can be a tedious process which 
includes finding the cross-sectional area of the stream as well as velocity of the water to 
estimate the discharge.  The process has to be repeated at varying discharges in order to 
find and appropriate relationship.  Particular sampling emphasis is placed on capturing 
extreme event such as very low or high flows (Corbett et al, 1943).  If insufficient data is 
collected for a particular gage, the estimated discharge can be biased which can lead to 
inaccurate capture of extreme events.  Stage discharge relationships need verification of 
accuracy because channel morphology can change due to both erosive or depositional 
events, modification by wildlife (beavers), or even buildup of branches and leaves which 
alter the stream area.  Periodic evaluations of gaging stations can be used update stage 
discharge relationships.   
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Staff gauges at French Brook and West Boylston Brook did not provide acceptable data 
from 2001 to 2003 due to wildlife activities in the area, specifically beaver damming of 
the streams.  Massachusetts DCR and the USGS identified improved locations and 
completed installation in the fall of 2003 (Pistrang 2006).
In addition, the United States Geological Survey (USGS) operates two continuous 
streamflow monitoring stations on Stillwater and Quinapoxet Rivers.  The gage 
information is shown below in Table 3-2.  The Stillwater gage is co-located with the 
DCR monitoring location which allows for accurate nutrient flux estimates.  The 
Stillwater gage, however, has been affected by beaver and other wildlife activities.  The 
DCR monitoring station on the Quinapoxet River, was not co-located with USGS gage on 
the river for samples taken between 1995 and 2000.  The site was located 3.5 miles 
upstream of the USGS gage, near the Trout Brook confluence.  In January 2001, the DCR 
monitoring station was moved as to be co-located with the UGGS gage.  
Table 3-2:  USGS Stream Gages in Wachusett Reservoir Watershed
Station Name Station ID Period of Record Drainage Area (mi
2)
Stillwater River 1095220 April 1994 - Present 29
Quinapoxet River 1095375 November 1996 - Present 46
3.3.2 WATER QUALITY MONITORING 
The monitored water quality parameters at the ten major monitoring stations include total 
and fecal coliform bacteria, conductivity, temperature, dissolved oxygen, pH, alkalinity, 
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turbidity, hardness, color, nitrate, nitrite, ammonia, silica, iron, orthophosphate, total 
phosphorus (TP), UV-254, total suspended solids (TSS), and total organic carbon (TOC).  
The sample analysis was originally run at the DCR lab in West Boylston, however the 
analysis was switched to the MWRA Deer Island Lab.  The sample analysis is performed 
at Deer Island because data prior to July 1998 had laboratory detection limit errors as 
well and an unusual amount of variability in the sampled data (Pistrang 2002).  The data 
available at the major DCR monitoring locations are listed in Table 3-3 and due to 
limited confidence in data prior to 1998, only data after 1998 was utilized in the project.
Table 3-3:  Available Data for the Wachusett Reservoir Subbasins
Subbasin Drainage Area (km2)
DCR            
Pollutant Data
DCR 
Streamflow
USGS    
Streamflow
Boylston Brook 1.1 X
French Brook 5.5 X X
Gates Brook 8.2 X X
Malagasco Brook 2.1 X X
Malden Brook 3.8 X X
Muddy Brook 1.8 X X
Quinapoxet River 119.9 X X X
Stillwater River 78.7 X X X
Waushacum Brook 20.2 X
W Boylston Brook 0.9 X X
Collection frequency for the constituents has varied since the intensive sampling began in 
1995.  Figure 3-2 shows the monitoring variability between 1989 and 2007 of discharge, 
fecal coliform, nitrate, total phosphorus, and TOC. 
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Parameter Years Collected Legend
1989 to 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 No Samples
Discharge Weekly
Fecal Coliform Bi-Weekly
NO3 Monthly
TP 6 Annual
TOC 3 Annual
2 Annual
Figure 3-2:  Monitoring Frequency at Major DCR Sampling Locations
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The water quality data collected by DCR has been published annually each spring since 
1988.  A ten year water quality report was published in 1998 and summarized all the data 
collected from the Wachusett Reservoir tributaries.  DCR has used the long term data to 
determine trends and identify tributaries with potential water quality contamination and 
prioritize investigations for remedial actions (DCR 2003).  
Gates Brook, for example, was identified as tributary prone to high bacteria 
concentrations along with elevated nitrogen loadings.  These data were collected through 
long term monitoring and were associated with failing septic tanks in the subbasin.  The 
septic tanks were remediated by DCR by linking the houses to the municipal sewer 
system.  Remediation efforts such as in the Gates Brook example are a direct result of 
identification of problem locations by utilizing routine water quality monitoring.  This 
project, along with previous studies, looks for tools and methods to assist in the
identification of degraded source water and ways to efficiently capture water quality 
information. 
3.4 NUTRIENT LOADINGS TO THE WACHUSETT RESERVOIR
This project was an extension of a longstanding UMass and DCR collaborative effort to 
improve the Wachusett Reservoir tributary monitoring and nutrient loading estimates.  
Previous graduate students, including Francis Cameron, initially utilized three years 
worth of monitoring data (1998 – 2000) to estimate nutrient loads from the reservoir 
tributaries.  Her research was expanded to included 2000-2006 in this study.  Using both 
DCR and USGS data, methods were used to estimate pollutant fluxes to the reservoir.  
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Emphasis was placed on total phosphorus (TP), nitrate, and total organic carbon (TOC).  
Since the monitoring data of the reservoir tributaries was rather sparse, a variety of 
methods were investigated to facilitate improved estimation accuracy.  An annual time 
scale was selected for loading estimates which was based on the available data.  Nutrient 
loading estimate methods were not applicable at all the tributaries; daily stream flow data 
was required for all but one of the estimates.  The results for each of the estimation 
methods were compared for Stillwater River to show the potential variability of loading 
estimates to the reservoir between various estimation methods.  The estimates were also 
used as point of comparison for more advanced modeling techniques.
3.4.1 SAMPLE MEAN METHOD
Annual loads were computed from DCR grab sample concentration data coupled with
available discharge measurements.  The average discharge for the time period was 
computed as the average of the discharge measurements for the period bounding the 
concentration measurement.  The load was computed with Equation 3-1.
nnn tQCW ××= å Equation 3-1
Where W = Total Load (kg)
Cn = Sample Concentration (kg/m3)
Qn = Mean Sample Discharge (m3/s)
tn = Number of Seconds in Time Period
3-11
The sample mean method was adapted from Mukhopadyay and Smith (2000).  This 
method was versatile and implemented at all basins using the available data.  Errors can 
occur in the method because loading is calculated by the product of one concentration 
data point and the average flow over the time period.  If the in stream concentration was 
not consistent over the time period, elevated flow data could lead to overestimations of 
load.  The reverse could also be true leading to underestimations of loading over the time 
period. 
3.4.2 LOG LOAD LOG FLOW METHOD
The log load log flow method was adapted from Smith and Stewart (1977).  It was 
determined from their research to be an accurate and stable method in which the results 
could be easily reproduced.  The method is a simple linear regression analysis which 
relates the log flow with log load.  The equation for the model is shown below in 
equation 3-2.
LogQBALogW ×+= Equation 3-2
Where W = Daily Load (kg/day)
Q = Average Daily Discharge (ft3/s)
A, B = Model Parameters
The method is built from the available paired data, and then applied on a daily basis to 
estimate the annual load.  In order to achieve a realistic regression equation for a 
tributary, sampling must try to capture a variety of hydrologic conditions.  DCR has tried 
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to accomplish this by performing routine monitoring to not only capture dry but wet 
weather events.  Due to limited routine monitoring data, which included a lack of daily 
hydrologic monitoring, the regression method was limited to Quinapoxet and Stillwater 
Rivers.
3.4.3 RATIO ESTIMATOR METHOD
The ratio estimator method (Dolan et al, 1981) was applied to obtain an additional load 
estimate.  The method is considered a statistically rigorous method and was considered to 
be a superior method for load estimation with daily flow data available (Dolan et al, 
1981).  The load was computed with Equation 3-3.
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Where µq = Mean Flow for Time Period
mw = Mean Daily Load When Concentration Data are Available
mq = Mean Daily Flow for Days When Concentration Data are Available
nd = Number of Days Concentration Data Were Measured
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Where qi = Measured Daily Flow Each Day Concentration Data was Measured
wi = Measured Daily Load Each Day Concentration Data was Measured 
The parameter Sq2 is the sample variance of the daily flows for the sample size, nd, and is 
computed with:
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Where qi2 = Square of Measured Daily Flow 
mq2 = Mean Daily Flow for Days When Concentration Data are Available
nd = Number of Days Concentration Data Were Measured
This method attempts to convert average annual flow and concentration data to account 
for daily variability throughout the year.  The covariance and sample variance factors 
calculated attempt to quantify the effect of discharge and concentration variability among 
the samples taken throughout the year.
3.4.4 SCALING UP METHOD
A scaling up procedure was a simple method suggested by Smith and Stewart (1977).  
The mean daily load was scaled up by multiplying by the ratio of daily discharge to 
average daily discharge.  The equation for the method is represented below in equation 
3-6.
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Where mW = Average Daily Load on Sampled Days
Qa = Average Annual Flow
Qm = Average Flow on Sampled Days 
nd = Number of days in Time Period
The scaling up method is a simple procedure that attempts to predict the annual load by 
converting the average daily load from sampled data to account for differences between 
conditions on sampled days and throughout the year.  
3.5 DIFFERENCES BETWEEN NUTRIENT LOAD ESTIMATION METHODS 
- STILLWATER RIVER
The annual load estimates between estimation methods from 2000-2006 were compared 
on Stillwater River as an example basin because of the available daily discharge data.  A 
similar comparison was completed by Francis Cameron for 1998 – 2000 and was used to 
represent the potential differences between estimation methods.  The reason for 
comparing loading estimation methods was to determine whether the sample mean 
loading estimate could sufficiently quantify loads from sampled data.  Loading estimates 
were computed for nitrate, TP, and TOC and the estimates are presented as annual mass 
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loadings which are summarized in Tables 3-4 through 3-6 and shown in Figures 3-3 
through 3-5.
Table 3-4:  Stillwater Subbasin Nitrate Export (kg/yr)
Method
Nitrate Export (kg/yr)
2000 2001 2002 2003 2004 2005 2006 Mean CV
Sample Mean 8180 7670 6180 10680 6670 10700 11210 8760 0.24
Log-Log Regression 6530 5570 4530 7900 6100 10870 10040 7360 0.32
Ratio Estimator 5970 5150 3960 7250 5420 10470 9470 6810 0.35
Scaling Up 7720 6670 5120 9380 7010 13540 12240 8810 0.35
Mean 7100 6270 4950 8800 6300 11400 10740 7940 0.31
CV 0.13 0.16 0.17 0.15 0.10 0.11 0.10 0.11
Table 3-5:  Stillwater Subbasin TP Export (kg/yr)
Method
TP Export (kg/yr)
2000 2001 2002 2003 2004 2005 2006 Mean CV
Sample Mean 1870 1310 660 2330 2420 1470 1740 1680 0.36
Log-Log Regression 1270 1100 830 1540 1150 2250 2030 1450 0.35
Ratio Estimator 1040 900 690 1270 940 1830 1650 1190 0.35
Scaling Up 1620 1400 1070 1970 1470 2840 2570 1850 0.35
Mean 1450 1180 810 1770 1500 2100 2000 1540 0.29
CV 0.22 0.16 0.20 0.23 0.38 0.24 0.18 0.16
Table 3-6:  Stillwater Subbasin TOC Export (kg/yr)
Method
TOC Export (kg/yr)
2000 2001 2002 2003 2004 2005 2006 Mean CV
Sample Mean 184E+3 161E+3 132E+3 209E+3 212E+3 353E+3 245E+3 214E+3 0.33
Log-Log Regression 195E+3 169E+3 128E+3 236E+3 176E+3 344E+3 310E+3 223E+3 0.35
Ratio Estimator 192E+3 166E+3 127E+3 233E+3 174E+3 337E+3 304E+3 219E+3 0.35
Scaling Up 198E+3 171E+3 131E+3 240E+3 180E+3 347E+3 314E+3 226E+3 0.35
Mean 192E+3 167E+3 130E+3 230E+3 185E+3 345E+3 293E+3 220E+3 0.34
CV 0.03 0.02 0.02 0.05 0.08 0.02 0.10 0.02
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Figure 3-3:  Stillwater Subbain Nitrate Export (kg/yr)
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Figure 3-4:  Stillwater Subbasin TP Export (kg/yr)
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Figure 3-5:  Stillwater Subbasin TOC Export (kg/yr)
Typically, exported mass loadings are normalized by the area of the watershed.  This 
allows for subbasins of differing sizes to be compared to each other and also allows for 
comparisons to be made between different locations.  The normalized mass loadings are 
referred to as export coefficients and are summarized below in Tables 3-7 through 3-9 
and shown in Figures 3-6 through 3-8.  
Table 3-7:  Stillwater Subbasin Nitrate Export (kg/ha/yr)
Method
Nitrate Export (kg/ha/yr)
2000 2001 2002 2003 2004 2005 2006 Mean CV
Sample Mean 1.04 0.98 0.79 1.36 0.85 1.36 1.43 1.11 0.24
Log-Log Regression 0.83 0.71 0.58 1.00 0.78 1.38 1.28 0.94 0.32
Ratio Estimator 0.76 0.66 0.50 0.92 0.69 1.33 1.20 0.87 0.35
Scaling Up 0.98 0.85 0.65 1.19 0.89 1.72 1.56 1.12 0.35
Mean 0.90 0.80 0.63 1.12 0.80 1.45 1.37 1.01 0.31
CV 0.13 0.16 0.17 0.15 0.10 0.11 0.10 0.11
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Table 3-8:  Stillwater Subbasin TP Export (kg/ha/yr)
Method
TP Export (kg/ha/yr)
2000 2001 2002 2003 2004 2005 2006 Mean CV
Sample Mean 0.24 0.17 0.08 0.30 0.31 0.19 0.22 0.21 0.36
Log-Log Regression 0.16 0.14 0.11 0.20 0.15 0.29 0.26 0.19 0.35
Ratio Estimator 0.13 0.11 0.09 0.16 0.12 0.23 0.21 0.15 0.35
Scaling Up 0.21 0.18 0.14 0.25 0.19 0.36 0.33 0.24 0.35
Mean 0.18 0.15 0.10 0.23 0.19 0.27 0.25 0.20 0.29
CV 0.22 0.16 0.20 0.23 0.38 0.24 0.18 0.16
Table 3-9:  Stillwater Subbasin TOC Export (kg/ha/yr)
Method
TOC Export (kg/ha/yr)
2000 2001 2002 2003 2004 2005 2006 Mean CV
Sample Mean 23.4 20.5 16.8 26.5 26.9 44.9 31.1 27.2 0.33
Log-Log Regression 24.7 21.4 16.3 30.0 22.3 43.7 39.4 28.3 0.35
Ratio Estimator 24.4 21.1 16.2 29.6 22.1 42.8 38.7 27.8 0.35
Scaling Up 25.1 21.7 16.7 30.5 22.8 44.1 39.9 28.7 0.35
Mean 24.42 21.17 16.50 29.17 23.56 43.87 37.27 27.99 0.34
CV 0.03 0.02 0.02 0.05 0.08 0.02 0.10 0.02
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Figure 3-6:  Stillwater Subbasin Nitrate Export (kg/ha/yr)
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Figure 3-7:  Stillwater Subbasin TP Export (kg/ha/yr)
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Figure 3-8:  Stillwater Subbasin TOC Export (kg/ha/yr)
The annual loading estimates indicated that export coefficients vary more from year to 
year than vary between loading estimation methods.  The most variability occurred with 
the TP loading estimates, while TOC estimates were consistent.  The loading estimates 
indicated that variability between methods was not as significant as variability annually.  
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Because the tested methods were similar, the simple sample mean method was selected as 
the most appropriate method for tributary loading estimates because it could be 
universally applied to all the tributaries.
The average of the export coefficient methods for Stillwater River was compared to Mass 
GIS nutrient export coefficients (DCR 2007) for various land uses represented in Table 3-
10.  The average nitrate and TP export coefficients for Stillwater were calculated to be 
1.01 kg/ha/yr and 0.20 kg/ha/yr respectively from the sampled data.   Using export 
coefficient data provided by Mass GIS, the calculated export coefficients from Stillwater 
were 2.97 kg/ha/yr and 0.31 kg/ha/yr for nitrate and TP respectively.  The difference 
between the values indicates that Mass GIS data overestimates loadings to the reservoir 
but the values are similar because of the previously discussed annual variability of 
loading rates.
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Table 3-10:  Mass GIS Nutrient Export Coefficients (DCR 2007)
Land Use 
Code Description
Nitrate Export 
(kg/ha/yr)
TP Export 
(kg/ha/yr)
1 Cropland 2.99 0.58
2 Pasture 2.99 0.58
3 Forest 2.31 0.08
4 Wetland 3.56 0.18
5 Mining 1.02 0.05
6 Open Land 1.02 0.05
7 Part Recreation 3.99 0.80
8 Spec Recreation 14.36 1.12
9 Water Recreation 1.02 0.05
10 Residential Multi 13.74 2.76
11 Residential High Den 10.80 2.15
12 Residential Med Den 8.78 1.67
13 Residential Low Den 6.99 1.40
14 Salt Wetland 3.57 0.18
15 Commercial 8.04 1.51
16 Industrial 9.81 1.66
17 Urban Open 4.99 0.72
18 Transport 9.81 2.43
19 Waste Disposal 3.99 0.80
20 Water 0.00 0.00
21 Woody Perennial 2.31 0.58
Annual load estimates from observed data can be an effective mean to estimate nutrient 
loadings.  Unfortunately, continuous monitoring to precisely capture environmental 
conditions is not a cost effective option.  The situation requires estimation methods to fill 
in the gaps between data points in which the frequency of sampling is critical.  
Techniques have been developed to address the data collections limitations, however 
most methods require daily discharge data demonstrated previously at Stillwater River.  
Through testing of the various estimation techniques, the sample mean method produced 
loading estimates of similar accuracy to more statistically robust methods ranging 
between 4% through 23% for TOC and TP respectively.  And, because of the 
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applicability of the sample mean method, it was chosen as the method for this research 
project.  
3.6 NUTRIENT EXPORT FOR ALL WACHUSETT WATERSHEDS
Testing of the nutrient loading estimation methods indicated that the sample mean 
method was appropriate in nutrient loading estimations.  Each of the subbasins was 
analyzed using the sample mean method to estimate the nitrate, TP, and TOC loadings to 
the Wachusett Reservoir.  The results for the loading estimates are presented below in 
Tables 3-11 through 3-16 and Figures 3-8 through 3-13.  Potential errors generated from 
the previous section are superimposed on the subbasin loadings as error bars.
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3-11:  Wachusett Reservoir Subbasin Nitrate Exports (kg/yr)
Year
Subbasin
French Gates Malagasco Malden Muddy Quinapoxett Stillwater W Boylston
2000 - 6070 870 1860 108 14100 8180 -
2001 - 3320 1330 2200 177 13700 7670 -
2002 - 4180 304 503 34 8190 6180 -
2003 - 10000 1660 2390 120 24590 10600 -
2004 207 4800 1260 1640 48 15100 6670 3760
2005 470 5530 2550 8300 1105 22300 10700 3300
2006 198 3420 1700 4430 465 21800 11200 3800
Mean 292 5340 1380 3040 294 17100 8760 3620
CV 0.53 0.43 0.51 0.85 1.31 0.34 0.24 0.08
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Figure 3-9:  Wachusett Reservoir Subbasin Nitrate Export (kg/yr)
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Table 3-12:  Wachusett Reservoir Subbasin TP Export (kg/yr)
Year
Subbasin
French Gates Malagasco Malden Muddy Quinapoxett Stillwater W Boylston
2000 - 110 40 148 10 1860 1870 -
2001 - 101 60 229 44 2000 1310 -
2002 - 119 39 51 11 3370 664 -
2003 - 75 45 156 17 1720 2330 -
2004 108 60 64 115 16 1390 2420 23
2005 116 153 482 1028 136 1990 1470 89
2006 88 38 206 143 42 2440 1740 26
Mean 104 94 134 267 39 2110 1680 46
CV 0.14 0.42 1.23 1.27 1.14 0.30 0.36 0.81
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Figure 3-10:  Wachusett Reservoir Subbasin TP Export (kg/yr)
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Table 3-13:  Wachusett Reservoir Subbasin TOC Export (kg/yr) 
Year
Subbasin
French Gates Malagasco Malden Muddy Quinapoxett Stillwater W Boylston
2000 - 9610 18200 16600 2510 246000 184000 -
2001 - 6880 18300 13400 7980 212000 161000 -
2002 - 11300 22400 10100 2350 148000 132000 -
2003 - 6980 27800 14500 3810 342000 208000 -
2004 20800 6310 28800 16000 2760 284000 211000 2140
2005 17300 12900 62900 101800 88900 485000 353000 8160
2006 17100 5820 23200 47300 39500 290000 244000 3230
Mean 18400 8550 28800 31400 21100 287000 213000 4510
CV 0.11 0.32 0.54 1.07 1.55 0.37 0.33 0.71
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Figure 3-11:  Wachusett Reservoir Subbasin TOC Export (kg/yr)
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Table 3-14:  Wachusett Reservoir Subbasin Nitrate Export Coefficients (kg/ha/yr) 
Year
Subbasin
French Gates Malagasco Malden Muddy Quinapoxett Stillwater W Boylston
2000 - 7.40 4.09 4.88 0.62 1.18 1.04 -
2001 - 4.05 6.28 5.77 1.01 1.14 0.98 -
2002 - 5.10 1.43 1.32 0.19 0.68 0.79 -
2003 - 12.2 7.80 6.28 0.68 2.05 1.36 -
2004 0.38 5.85 5.92 4.32 0.27 1.26 0.85 40.9
2005 0.86 6.74 12.00 21.8 6.28 1.86 1.36 35.9
2006 0.36 4.17 7.98 11.6 2.64 1.82 1.43 41.3
Mean 0.53 6.51 6.50 8.00 1.67 1.43 1.11 39.4
CV 0.53 0.43 0.51 0.85 1.31 0.34 0.24 0.08
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Figure 3-12:  Wachusett Reservoir Subbasin Nitrate Export Coefficients (kg/ha/yr) 
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Table 3-15:  Wachusett Reservoir Subbasin TP Export Coefficients (kg/ha/yr) 
Year
Subbasin
French Gates Malagasco Malden Muddy Quinapoxett Stillwater W Boylston
2000 - 0.13 0.19 0.39 0.05 0.16 0.24 -
2001 - 0.12 0.28 0.60 0.25 0.17 0.17 -
2002 - 0.14 0.18 0.13 0.06 0.28 0.08 -
2003 - 0.09 0.21 0.41 0.10 0.14 0.30 -
2004 0.20 0.07 0.30 0.30 0.09 0.12 0.31 0.25
2005 0.21 0.19 2.26 2.70 0.77 0.17 0.19 0.97
2006 0.16 0.05 0.96 0.37 0.24 0.20 0.22 0.29
Mean 0.19 0.11 0.63 0.70 0.22 0.18 0.21 0.50
CV 0.14 0.42 1.23 1.27 1.14 0.30 0.36 0.81
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Figure 3-13:  Wachusett Reservoir Subbasin TP Export Coefficients (kg/ha/yr)
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Table 3-16:  Wachusett Reservoir Subbasin TOC Export Coefficients (kg/ha/yr) 
Year
Subbasin
French Gates Malagasco Malden Muddy Quinapoxett Stillwater W Boylston
2000 - 11.7 85.5 43.6 14.2 20.6 23.4 -
2001 - 8.3 86.3 35.2 45.3 17.6 20.4 -
2002 - 13.8 105.4 26.5 13.3 12.3 16.8 -
2003 - 8.5 130.8 38.2 21.6 28.5 26.5 -
2004 37.9 7.69 135.5 42.1 15.7 23.7 26.9 23.3
2005 31.5 15.7 295.4 267.1 505.5 40.4 44.8 88.7
2006 31.2 7.09 109.0 124.1 224.9 24.2 31.1 35.1
Mean 33.5 10.4 135.4 82.4 120.1 23.9 27.1 49.0
CV 0.11 0.32 0.54 1.07 1.55 0.37 0.33 0.71
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Figure 3-14:  Wachusett Reservoir Subbasin TOC Export Coefficients (kg/ha/yr) 
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The loading (kg/yr) from the subbasins varied between constituents of interest.  For 
nitrate, the highest loading proportionally came from Quinapoxet and Stillwater Rivers 
with Gates, Malden, and W Boylston loading between a quarter to a half of the larger 
subbasins.  TP and TOC loading came predominately from Quinapoxet and Stillwater 
with very little loading from the other subbasins.  
Export coefficients (kg/ha/yr) from the subbasins, however, show trends opposite of the 
total loading from the subbasins.  The smaller tributaries, in general, load larger amounts 
proportionally than the large subbasins.  A dramatic nitrate export coefficient loading 
comes from W Boylston Brook which loads over 40 kg/ha/yr.  This value is 40 times 
greater than the Stillwater River export coefficient.  The result could potentially be an 
error; however, similar export coefficients were calculated for each year of the analysis.  
Several of the subbasins have extremely elevated export coefficients in 2005 and this 
error may be attributed to twice annual sampling that occurred in small tributaries that 
year.  Samples taken on above nutrient concentration days can propagate throughout an 
annual loading estimate and lead to a skewed loading estimate.  
Since the subbasins consist of both mixed land uses as well as different distributions of 
land use, it was difficult to compare the data to literature values.  However, the data was 
compared to weighted export coefficients from Mass GIS data and some literature values 
for specific land use types reported by Reckhow et al (1980).  The average annual exports 
of nitrate and TP are listed below in Tables 3-17 and 3-18 alongside export coefficients 
calculated from Mass GIS values.  The average literature nitrate export coefficients for a 
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forested basin are 2.5 kg/ha/yr and 5 kg/ha/yr for an urban basin.  TP values are 0.2 
kg/ha/yr for a forested basin and 1.0 mg/L for an urban basin.
Table 3-17:  Nitrate Export Coefficients for Wachusett Reservoir 
Subbasin
Nitrate (kg/ha/yr)
Calculated Mass GIS
French 0.53 3.12
Gates 6.51 5.82
Malagasco 6.50 4.13
Malden 8.00 3.56
Muddy 1.67 3.99
Quinapoxet 1.43 3.07
Stillwater 1.11 2.97
W Boylston 39.41 5.61
Table 3-18:  TP Export Coefficients from Wachusett Reservoir 
Subbasin TP (kg/ha/yr)
Calculated Mass GIS
French 0.19 0.35
Gates 0.11 1.00
Malagasco 0.63 0.57
Malden 0.70 0.46
Muddy 0.22 0.56
Quinapoxet 0.18 0.33
Stillwater 0.21 0.31
W Boylston 0.50 1.03
The annual average nitrate exports from the Wachusett subbasins ranged from 0.53 
kg/ha/yr to 39.41 kg/ha/yr.  The data was similar to Mass GIS estimates for the subbasins 
except for W Boylston Brook.  The estimates were also similar to the values typically 
reported for forested and urban watersheds (Reckhow et al, 1980).  All the subbasins 
besides W Boylston were on the very low end of reported nitrate export coefficients, 
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where W Boylston export was typical of urban watersheds.  The discrepancy could be an 
artifact resulting from the relatively sparse monitoring data, though the nitrate loading 
was represented in each year of the monitoring data.  The export indicates that the 
subbasin seems to be impacted highly by urbanization, though other constituent loadings 
were not abnormally large from the subbasin.
Loadings of TP ranged between 0.11 kg/ha/yr and 0.70 kg/ha/yr.  On average, these 
values were lower than the calculated exports from Mass GIS data and were in the lowest 
range of export coefficients reported by Reckhow et al (1980).  The TP export 
coefficients of Reckhow et al (1980) were investigated by Mattson and Isaac (1999).  
They concluded that phosphorus exports from Reckhow et al (1980) were overestimated 
for Massachusetts watersheds and the findings were confirmed in this study.  Lower 
loading of nutrients to the Wachusett Reservoir than other estimations methods indicates 
that DCR has effectively implemented strategies that prevent water quality degradation 
coinciding with urban development. 
3.7 TOTAL RESERVOIR LOADINGS
The total average annual loadings and percent contribution from the eight subbasins 
calculated in the previous section are presented below in Table 3-19.  The loadings do not 
account for Boylston and Waushacum Brook due to lack of discharge data.  Also, direct 
inflow was omitted from the calculations even though the contributing area of direct 
inflow contains over 13 percent of the Wachusett Reservoir watershed.  Also, more 
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advanced loading estimates cannot be utilized in more Wachusett tributaries due to the 
paucity of data available.
Table 3-19:  Total Nutrient Exports to the Wachusett 
Constituent
Annual 
Average 
Loading 
(kg/yr)
Percent Subbasin Contribution
French Gates Malagasco Malden Muddy Quinapoxet Stillwater W Boylston
Nitrate 39879 0.7 13.4 3.5 7.6 0.7 43.0 22.0 9.1
TP 4487 2.3 2.1 3.0 6.0 0.9 47.1 37.6 1.0
TOC 613723 3.0 1.4 4.7 5.1 3.4 46.8 34.8 0.7
Table 13-19 indicates that 65%, 84%, and 80% of all the loading of nitrate, TP, and TOC 
respectively to the reservoir come from Stillwater and Quinapoxet Rivers.  These two 
subbasins include 70% of the watershed area.  There are, however, significant nitrate 
contributions from Gates Brook, Malden Brook, and W Boylston Brook.  Errors, as 
discussed in the previous section, due to infrequent monitoring can skew the loading 
estimates by propagation transient occurrences over a longer time period.  The sample 
mean method can be biased because it is highly dependent on the frequency of nutrient 
data collected.  If concentration data are collected during high or low flow conditions, the 
annual loading estimates will be biased. 
From the loading estimate results, observations could be made from the trends evident at 
the subbasins:
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- The large subbasins load the most mass to the reservoir
- Smaller subbasins load proportionally more nutrients to the reservoir
- Infrequent monitoring of small subbasins can create artificially high or 
low flux estimates because of dynamic response to rainfall events
- Methods need to be developed to more accurately quantify watershed 
loadings
- Monitoring strategies need to be developed to more accurately capture 
watershed loadings
In the next chapter, development of mechanistic modeling techniques are introduced and 
applied to the Wachusett Reservoir tributaries.
4-1
4 WATERSHED MODELING
4.1 INTRODUCTION
Data analysis was completed on the data available from DCR monitoring of the 
Wachusett Reservoir tributaries.  The results, as presented in the prior section, indicate 
that there is the potential for inaccurate load estimates due to sparse monitoring data.  
This type of limited analysis was completed to validate the need to develop simplistic 
modeling techniques that provide the capability to more accurately estimate pollutant 
loadings to the reservoir on annual, monthly, and daily timescales.  This project focused 
on developing multiple linear regressions to generate empirical annual pollutant loadings 
and simple mechanistic models to simulate daily pollutant loadings.  Utilization of these 
types of models can be used to:
- Provide better estimates of watershed loadings 
- Improve data to support management practices
- Means to improve monitoring programs
- Estimate the impacts of land use and climate change
4.2 MODEL DATA
In order to create the models for the Wachusett Reservoir watershed, input information 
regarding watershed characteristics, environmental, hydrologic, and associated water 
quality data were required.  These data were obtained from Massachusetts Geographical 
Information Systems (Mass GIS) as well as the National Oceanographic and Atmospheric 
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Administration (NOAA) databases.  The subbasin discharge and water quality data was 
obtained from USGS and DCR databases, which were already discussed in the prior
water quality monitoring section,
4.2.1 WATERSHED DATA
Watershed characteristics important to the water quality modeling included subbasin size, 
topography, and landuse.  The subbasin delineations to determine sizes were provided by 
DCR and effectively represented the contributing area for each of the tributaries.  The 
watershed sizes (Table 2-2) vary by over an order of magnitude.  Stillwater and 
Quinapoxet Rivers have the largest watersheds with areas of 78 km2 and 119 km2
respectively.  The smaller watersheds range in size from 0.92 km2 for West Boylston 
Brook to 20.2 km2 for Washacum Brook.  
Landuse data for the watersheds was downloaded from the Mass GIS website.  The data 
for the Wachusett Reservoir watershed was most recently compiled in 1999 from 
1:25,000 aerial photographs taken between 1990 and 1997.  The Mass GIS land use data 
included 21 separate classifications to quantify current land uses which are shown in 
Table 4-1.  The GIS information was viewed and manipulated using ArcGIS 9.2.  The 21 
landuse classifications provided by Mass GIS were consolidated into five general 
categories which included cropland, pasture, forest, urban/developed, and water/wetland.  
The consolidated land use categories were lumped because the land types have similar 
characteristics making regression analysis difficult.  The consolidated land uses are 
shown in Table 4-2 and available in Appendix A.
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Table 4-1:  Mass GIS Land Use Categories (Mass GIS 2007)
Code Category Definition
1 Cropland Intensive agriculture
2 Pasture Extensive agriculture
3 Forest Forest
4 Wetland Non-forested freshwater wetland
5 Mining Sand, gravel, rock
6 Open Land Abandoned agriculture, power line, areas of no vegetation
7 Participation Recreation Golf, tennis, playgrounds, skiing
8 Spectator Recreation Stadiums, racetracks, fairgrounds, wetlands
9 Water Based Recreation Beaches, marinas, swimming pools
10 Residential Multi-Family
11 Residential Smaller than 1/4 acre
12 Residential 1/4 - 1/2 acre
13 Residential Larger than 1/2 acre
14 Salt Wetland Salt Marsh
15 Commercial General urban, shopping center
16 Industrial Light and heavy industry
17 Urban Open
Parks, cemeteries, public and institutional greenspace, vacant 
undeveloped land
18 Transportation Airports, docks, divided highway, freight, storage, railroads
19 Waste Disposal Landfills, sewage lagoons
20 Water Freshwater, coastal embayment
21 Woody Perennial Orchard, nursery, cranberry bog
Table 4-2:  General Land Use Categories
Land Use Category Land Use Types Included (21-Category Classification)
Cropland Cropland; Woody Perennial
Pasture Pasture
Forest Forest
Urban/Developed
Mining; Open Land; Participation Recreation; Spectator Recreation; 
Residential (All Classes); Commercial; Industrial; Urban Open; 
Transportation; Waste Disposal
Open Water/Wetland Water; Wetland
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With both the tributary subbasin size and landuse characteristics, the percentage landuse 
for each of the tributaries was determined.  The analysis was completed in ArcGIS 9.2 
and consisted of clipping land use data by the individual subbasins.  The percentage land 
use is shown in Figure 4-1.
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Figure 4-1:  Land Use Percentages for Wachusett Reservoir Subbasins
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4.2.2 ENVIRONMENTAL DATA
Environmental data required for the modeling included precipitation and temperature.  
These data were obtained from the (NOAA) data observed at the Worcester 
Massachusetts airport.  The weather station information is represented below in Table  
4-3.  
Table 4-3:  NOAA (Worcester Airport) Station Information
Station COOP ID 199923
Station Name Worcester Regional Airport
State Massachusetts
Division 2
Latitude 42• 16' 02"
Longitude -71• 52' 34"
Elevation 986 ft
The environmental data was available from May 1, 1946 through present and included 
temperature, humidity, air pressure, wind speed, and precipitation.  Of these data, the 
temperature and precipitation were required for the modeling.   The data were also 
available on an hourly or daily timescales.
4.3 MULTIPLE REGRESSION
With the appropriate data compiled for the Wachusett Reservoir subbasins, the first type 
of modeling was multiple regression analysis.  The analysis was completed to determine 
annual mass export loads for nitrate, TP, and TOC.  The regression analysis was 
performed on an annual timescale only due to limitations in intra-annual monitoring data.  
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These regressions were an update of analysis performed by Francis Cameron on data 
from 1998 – 2000.
4.3.1 INTRODUCTION
Multiple regression analysis is a methodology that can be used to relate multiple 
independent predictor variables to a dependent response variable.  For the analysis, a 
linear relationship was assumed to exist between dependent and predictor variables.  The 
general form of the multiple linear regression is shown below in equation 4-1.
å
=
++=
n
k
kk XY
1
0 ebb Equation 4-1
Where Y = Dependent variable
•0 = Regression coefficient for the intercept
•k = Regression coefficients for variables 1 to k
Xk = Predictor variables 1 to k
• = Model error
n = Number of predictor variables
With an assumption of a linear relationship between variables, it is important to consider 
the dependent variable.  If the dependent variable is normally distributed, then the 
predicted variables must also follow the distribution (Helsel and Hirsch, 2001).
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4.3.2 METHODS FOR MULTIPLE REGRESSION
MiniTab statistical software was used to perform multiple linear regressions on the 
available data.  For the analysis, annual nutrient loadings were estimated from the 
sampled data along with annual discharge volumes and land use data for each subbasin.  
The goal of the regression modeling was to determine annual nutrient loads from each 
tributary as well as determine the respective export coefficients.  Several studies have 
investigated using multiple regression including McFarland and Hauck (2001) and 
Mattson and Isaac (1999).  
The loading data from the Wachusett Reservoir tributaries was log transformed, since 
pollutant loads and discharge parameters varied by over an order of magnitude.  Using 
the log transformed data, stepwise linear regression was used for model fitting.  Stepwise 
regression was used to eliminate predictor variable that do not improve model fit.  
Multiple linear regression analysis uses the method of least squares to fit a continuous, 
multivariate response as a linear function of multiple predictor variable.  The least 
squares method fits a line to the data in order to minimize the sum of the squared 
residuals (Draper and Smith, 1981).   
The empirical model fit by the regression is represented below in Equation 4-2.
QQwwuuffppcc LogLogALogALogALogALogALogW ×+×+×+×+×+×+= bbbbbbb 0
Equation 4-2
Where W = Load (kg)
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•c, •p, •f, •u, •w, •Q = Model Fit Coefficients
•0 = Regression Intercept
Ac, Ap, Af, Au, Aw = Respective Landuse Areas (Ha)
c = Cropland
p = Pasture
f = Forest
u = Urban/Developed
w = Water/Wetland
Q = Discharge Volume (m3) for Modeled Period
The linear regression models were derived for annual nutrient loading estimates.  Only 
five general categories of landuse were utilized as explained in section 4.2.1 previously.  
The data included estimates of annual loadings and annual discharges as input for the 
regression analysis.   Regressions were completed for nitrate, TP, and TOC between 
water years 2000 through 2005.  Validation for the model was completed for water year 
2006.  
4.3.3 ANNUAL REGRESSION RESULTS
Regressions analysis results for nitrate, TP, and TOC are represented below equations 4-3 
through 4-5 and in Tables 4-4 through 4-6.  The results of the regression analysis are 
available in Appendix B.  The equations are the fitted regression models for the 
Wachusett Reservoir tributaries while the tables summarize the model coefficients, 
standard errors, Student’s t values, and P values.  Larger Student’s t values indicate more 
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statistically significant predictor variables and low P values indicate stronger evidence for 
rejection of the null hypothesis.  The null hypothesis for the analysis assumes that there is 
no relation between regression variables (Helsel and Hirsh, 2000). 
The nitrate regression analysis resulted in the following equation for predicting the 
annual nutrient load:
)(NitrateLogLoad )(07.1)(07.1)(654.076.2 FPC ALogALogALog ×-×+×+-=
)(784.0)(979.0)(988.0 QLogALogALog WU ×+×-×+ Equation 4-3
Regression analysis performed on the log transformed annual nitrate, landuse, and 
discharge data resulted in a model with an R2 value of 96.1%.  The residual standard error 
was 0.1535 with 47 degrees of freedom.  Model fit coefficients are presented in Table 4-
4.  Cropland, pasture, and urban land uses along with discharge produce positive 
coefficients, while forest and water land uses had negative coefficients.  P-values of the 
predictor variables indicated that regression was highly significant.  Figure 4-2 of the 
model residuals indicates that the regression analysis produced a strong model since the 
residuals are randomly distributed.
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Table 4-4:  Annual Nitrate Model Fit Coefficients and Error
Independent 
Variable
Fitting 
Coefficient
Standard 
Error t Value P Value
Intercept -2.764 0.537 -5.150 0.000
Log (Cropland) 0.654 0.095 6.880 0.000
Log (Pasture) 1.069 0.230 4.660 0.000
Log (Forest) -1.066 0.094 -11.400 0.000
Log (Urban) 0.988 0.164 6.030 0.000
Log (Water/Wetland) -0.979 0.101 -9.670 0.000
Log (Discharge) 0.784 0.074 10.570 0.000
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Figure 4-2:  Nitrate Regression - Log Load vs Residuals
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The TP regression analysis resulted in the following equation for predicting the annual 
nutrient load:
)(TPLogLoad )(241.0)(025.0)(431.045.2 FPC ALogALogALog ×+×+×+-=
)(611.0)(139.0)(257.0 QLogALogALog WU ×+×-×- Equation 4-4
Regression analysis performed on the log transformed annual TP, landuse, and discharge 
data resulted in a model with an R2 value of 91.3%.  The residual standard error was 
0.2343 with 47 degrees of freedom.  Model fit coefficients are presented in Table 4-5.  
Cropland, pasture, and forest land uses along with discharge produce positive 
coefficients, while urban and water land uses had negative coefficients.  P-values of the 
predictor variables indicated that cropland, forest, and discharge are highly significant.  
Pasture is highly insignificant, along with both urban and water.  Figure 4-3 of the model 
residuals indicates that the regression analysis produced a strong model since the 
residuals are randomly distributed.
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Table 4-5:  Annual TP Model Fit Coefficients and Error
Independent 
Variable
Fitting 
Coefficient
Standar
d Error t Value P Value
Constant -2.453 0.819 -2.990 0.005
Log (Cropland) 0.431 0.145 2.970 0.005
Log (Pasture) 0.025 0.350 0.070 0.943
Log (Forest) 0.241 0.143 1.690 0.099
Log (Urban) -0.257 0.250 -1.030 0.310
Log (Water/Wetland) -0.139 0.155 -0.900 0.374
Log (Discharge) 0.611 0.113 5.410 0.000
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Figure 4-3:  TP Regression - Log Load vs Residuals
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The TOC regression analysis resulted in the following equation for predicting the annual 
nutrient load:
)(TOCLogLoad )(655.0)(350.0)(067.034.2 FPC ALogALogALog ×+×-×--=
)(902.0)(079.0)(191.0 QLogALogALog WU ×+×-×- Equation 4-5
Regression analysis performed on the log transformed annual TOC, landuse, and 
discharge data resulted in a model with an R2 value of 95.0%.  The residual standard error 
was 0.1615 with 47 degrees of freedom.  Model fit coefficients are presented in Table 4-
6.  Forest land use along with discharge produce positive coefficients, while cropland, 
pasture, urban, and water land uses had negative coefficients.  P-values of the predictor 
variables indicated that forest and discharge are highly significant.  The regression does 
not indicate that water/wetland areas are significant to TOC loadings.  The significance of 
water/wetland in TOC loading may be due to consolidation of water and wetland areas, 
however, Mass GIS delineations of these areas are rough and differences may not be 
accurately determined.  Figure 4-4 of the model residuals indicates that the regression 
analysis produced a strong model since the residuals are randomly distributed.
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Table 4-6:  Annual TOC Model Fit Coefficients and Error
Independent Variable Fitting Coefficient
Standard 
Error t Value P Value
Constant -2.337 0.578 -4.050 0.000
Log (Cropland) -0.067 0.102 -0.650 0.519
Log (Pasture) -0.350 0.247 -1.420 0.164
Log (Forest) 0.655 0.101 6.510 0.000
Log (Urban) -0.191 0.176 -1.090 0.284
Log (Water/Wetland) -0.079 0.109 -0.730 0.472
Log (Discharge) 0.902 0.080 11.320 0.000
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Figure 4-4:  TOC Regression - Log Load vs Residuals
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4.3.4 ANNUAL REGRESSION MODEL VALIDATION
Validation of models is a necessary step in the model creation in order to test the 
predictive capability of model (Draper and Smith, 1981).  The annual regression models 
were validated with the 2006 nutrient loading data using the coefficients developed from 
the 2000 through 2005 data.  Measured and predicted values are plotted in Figures 4-5 
and 4-6 for nitrate loadings, Figures 4-7 and 4-8 for TP loadings, and Figures 4-9 and 4-
10 for TOC loadings.  Stillwater and Quinapoxet subbasins were plotted separately 
because the nutrient loads were orders of magnitude higher than the other basins.  For the 
2006 predicted annual loadings, 95% confidence intervals were included as error bars 
around the predicted value.  The measured annual loading indicated in the following 
figures was calculated from the sample mean method explained in the previous section.  
The value is a best estimate from the available sampled data though there are inherent 
errors due to infrequent sampling.
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Figure 4-5:  Annual Nitrate Regression Predictions for Quinapoxet and Stillwater 
Subbasins
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Figure 4-6:  Annual Nitrate Regression Predictions for Smaller Subbasins
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Figure 4-7:  Annual TP Regression Predictions for Quinapoxet and Stillwater 
Subbasins
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Figure 4-8:  Annual TP Regression Predictions for Smaller Subbasins
4-19
0
100000
200000
300000
400000
500000
600000
700000
800000
900000
20
00
20
01
20
02
20
03
20
04
20
05
20
06
20
00
20
01
20
02
20
03
20
04
20
05
20
06
Quniapoxett Stillwater
TO
C
 L
oa
d 
(k
g/
yr
)
Predicted
Measured
Figure 4-9:  Annual TOC Regression Predictions for Quinapoxet and Stillwater 
Subbasins
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Figure 4-10:  Annual TOC Regression Predictions for Smaller Subbasins
4-20
The regression model annual loading predictions indicated that the regression analysis 
produced accurate annual loading estimates.  Using the sample mean method to estimate 
loadings from measured data, the annual values calculated were within the 95% 
confidence interval of the regression modeled data.  Application of the model as a 
predictive tool for 2006 resulted in a similar results with measured data bracketed by the 
95% confidence interval.  
4.3.5 SUMMARY AND OBSERVATIONS
The annual regression model for nitrate indicates that cropland, pasture, and urban land 
uses contribute most to the annual loadings.  Nitrate is a major component of fertilizers 
used in crop cultivation while pastures generally have grazing animals or livestock which 
excrete large amounts of nitrogen rich waste.  Also, urban areas nitrate contribution can 
include fertilizer applications from residential land use and potential septic system inputs.  
The regression indicated that for TP loadings, cropland areas were the largest 
contributors but forests were also a significant contributor. Cropland, similarly with 
nitrate, would be an obvious choice because of the phosphorus in fertilizers, however, 
forests areas are not usually associated with elevated TP loads.  This result could be an 
artifact of the landuse data.  Because forests have the largest area in the watershed, 
physically having larger areas which are predominately forested would result in a higher 
TP loading.
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The TOC loading regressions indicated that forests were the largest contributors to annual 
loads.  Forests contribute large amounts of leaf litter to the land surface, and transport to 
the streams is likely the major loading from the tributaries.  Literature indicates that 
wetland areas are associated with elevated TOC loadings; however, there is only a small 
percentage of water or wetlands in the watershed.  It is likely that the effects of the 
wetlands do not produce enough of a signal in the data to be significant.
Annual regression models can be useful tools in order to generate rough estimates of 
pollutant loadings and have the potential to access the potential impacts due to subbasin 
changes.  Table 4-7 below is a potential application of a regression model.  Five future 
environmental scenarios were arbitrarily selected to help visualize the effects of 
discharge changes and land use changes in Gates Brook.  The 2000 annual nitrate 
regression load (kg/yr) estimate was selected as a baseline and then the effects of 
discharge changes and urban landuse changes were applied.  The results show significant 
differences and could be used for remediation projects or for land use planning in order to 
determine the impact of development on tributary water quality.
Table 4-7:  Nitrate Regression Loading Under Various Scenarios 
Gates Brook Load (kg/yr)
2000 Load 4986
Flow Decrease 10% 1542
Flow Increase 10% 16118
Urban Decrease 5% 3665
Urban Increase 5% 6783
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These annual regressions are useful for general land use and discharge changes but are 
limited by the available sampled data.  Without daily or more frequent data, 
understanding the sub-annual and seasonal variations is not possible.  Therefore, more 
advanced mechanistic models are required to access short scale hydrologic and water 
quality variability.
Fecal coliform regression analysis indicated that regression modeling of the Wachusett 
tributaries would be unlikely to aid in predicting FC concentrations.  Without more 
extensive wildlife data to accurately quantify the locations and habits of the animals, 
regression models can only represent general increases of FC in warmer weather. 
Sampled FC data is the only definitive method to locate FC concentration both spatially 
and temporally in the Wachusett Reservoir tributaries.    
4.4 DAILY MECHANISTIC MODELING
Regression analysis performed in the previous section accomplished annual loading 
estimates and attempted to more accurately quantify nutrient loadings.  Again, the paucity 
of data can lead to model errors similar to other methods.  Therefore, more advanced 
mechanistic models were utilized to access daily hydraulic variability.
Daily modeling of the hydrology and nutrient loading from the Wachusett Reservoir 
tributaries was accomplished using available hydrologic modeling techniques along with 
the creation of simplistic nutrient models.  Hydrologic modeling utilized TOPMODEL 
theory to accurately quantify the hydrologic variability of the tributaries.  A catchment 
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scale water quality version of TOPMODEL named TOPCAT (Quinn et al, 2004) was 
used, and modifications were made to more accurately capture environment and 
hydraulic variability with limited input data for the tributaries.  The model developed 
(UM-TOPCAT) for the Wachusett Reservoir tributaries also were expanded to include 
snow pack modeling, evapotranspiration modeling, and soil temperature modeling.  
These additions allowed for more accurate quantification of processes that affect surface 
and subsurface hydraulic variability and seasonal variability. Utilizing UM-TOPCAT for 
modeling the Wachusett Reservoir tributaries most effectively used the available 
hydrologic data, was DCR friendly, and could be used to predict future loads under 
different climate models.
4.4.1 HYDROLOGIC MODEL: TOPCAT
TOPCAT was published in the Journal of Hydrology by Quinn et al in 2004.  TOPCAT 
(Figure 4-11) was a catchment scale version of TOPMODEL (Beven et al, 1995) and 
utilizes similar methodology for hydrologic modeling including identical soil moisture 
stores and subsurface flow equations.  Since TOPCAT is a catchment scale model, 
variability within a subbasin is aerially averaged and produces one lumped output for the 
subbasin.  
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Figure 4-11:  TOPCAT Hydraulic Model
Water is split between four moisture stores including a surface store, root zone store, 
event subsurface store, and background flow store.  The surface store includes a portion 
of precipitation that is routed over the land surface due to impervious cover, infiltration 
rainfall excess, or saturation excess.  Surface runoff is a calibrated constant fraction of the 
daily precipitation and the fraction is different for each of subbasins.  The model was 
upgraded to include surface water routing, which included routing via a synthetic 
hydrograph derived through model calibration with hydrologic flow data.  A synthetic 
hydrograph utilizes a standard routing method to take a volume of runoff and convert it to 
a volume over certain time intervals.  For example, if runoff forms on the land surface, it 
can drain into a pond or other location and take time to runoff into the receiving stream.   
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The root zone store is the zone where precipitation infiltrates initially and also the zone 
from where evapotranspiration occurs.  Evapotranspiration was not included in the 
TOPCAT model, and UM-TOPCAT added ET which was estimated with the Hargreaves 
and Samani (1982) evapotranspiration model, discussed further in section 4.4.3.  The 
moisture in the root zone varies between a calibrated maximum and minimum storage 
and was accounted for in terms of depth of water.  Evapotranspiration diminishes 
exponentially as a function of soil moisture in the zone.  The minimum storage in the root 
zone is considered the wilting point of the land surface vegetation and the maximum 
storage is the field capacity of the soil.  TOPCAT does not utilize soil conductivity or 
suction data; therefore, it is assumed that the root zone is at field capacity before any 
water can percolate down to lower moisture stores.  The excess water in the root zone, 
which can percolate down, is called hydraulically effective rainfall (HER).
The HER is assumed to move vertically through the subsurface stores in one time step 
which is one day for the current model.  The vertically percolating HER enters the event 
subsurface store and a portion is assumed to percolate further down into the deep 
background flow store.  The amount that percolates down to the deep groundwater store 
is determined by a calibrated constant fraction of HER reaching the deep groundwater.  
The event subsurface store is a reservoir that mimics unsaturated groundwater flow and is 
drained utilizing an exponential function taken from TOPMODEL theory.  In the event 
subsurface store, the current moisture in the zone is accounted for as the positive soil 
moisture deficit (SBAR).  Flow from the event subsurface store is approximated by the 
empirical equation represented in equation 4-6.
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Qb = Qo*exp(SBAR/m) Equation 4-6
Where Qb = Flow from the Event Subsurface Store (m)
Q0 = Flow from the Event Subsurface Store at Field Capacity
SBAR = Soil Moisture Deficit
m = Calibrated Recession Rate Parameter (Can be determined in field)
Flow from the event subsurface store can be determined from TOPMODEL theory, 
(Bevin et al., 1995) shown below.
Qo = exp(-y) Equation 4-7
Where y is a dimensionless parameter characterized as the mean of the soils/topographic 
index defined by:
y = • – ln(To) Equation 4-8
And • = Mean of Topographic Index (Assumed to be 6)
T0 = Calibrated Average Transmissivity of the Event Subsurface 
A portion of the percolated HER was assumed to reach a deep groundwater reservoir that 
provides background groundwater flow during periods of no precipitation.  The 
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groundwater reservoir mimics the saturated groundwater zone with slow response to 
precipitation events.  The background flow was considered a calibration constant in the 
original TopCAT model but has been updated to mimic gradual fluctuations depending 
on the seasonal moisture conditions and climatic variability.  TOPCAT originally 
provided a constant background flow independent of current moisture status.  The new 
model allows for the deep groundwater table to lower during dry times. 
Qb = exp(-k) Equation 4-9
Where k is a dimensionless decay parameter determined through calibration.
Using the modeled input data for precipitation, which accounts for snow pack effects and 
evapotranspiration from the root zone, the hydrologic model is calibrated against known 
discharge data available from Mass DCR as well a USGS gaging stations.  Calibration 
was completed by automated processes which consisted of minimizing root mean square 
error.  The calibrations were compared to sampled data loading estimates and regression 
loading estimations. 
4.4.2 SNOWPACK
Managing precipitation stored in a snowpack is critical for modeling hydrologic systems 
in the New England climate.  In the winter, much of the precipitation is stored on the 
surface in snow packs and released in large melt events in the spring.  Because of this, the 
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hydrology varies dramatically between seasons and determination of precipitation storage 
in snow is a critical concern.  
In order to quantify the amount of snow that falls and is stored, it was necessary to 
estimate when precipitation from the Worcester Airport precipitation data set was snow.  
The data was given as a depth of liquid precipitation and was converted to snow fall 
depth by assuming that precipitation was snow below a temperature of 0• C and a snow to 
rain depth ratio of 10 to 1.  Melt of the accumulated snowfall was modeled using 
Equation 4-10 below, which was adapted from the Handbook of Hydrology (1993).  The 
melt factor varied depending on subbasin land cover conditions, and each was determined 
through model calibration.
.
)( bif TTMM -=  Equation 4-10
Where M = Depth of Melt Water During Time Period
Mf = Melt Factor
Ti = Mean Daily Temperature (•C)
Tb = Base Temperature (•C) Typically 0•
4.4.3 EVAPOTRANSPIRATION MODELING
The Hargreaves and Samani (1982) evapotranspiration (ET) model was selected to model 
ET due to the limited amount of available environmental data and the simplicity of the 
model.  The model is empirical and is shown below in Equation 4-11.
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davgtta TCRPET .
2/10075.0 ××××= d Equation 4-11
Where PET = Potential Evapotranspiration Rate (mm/day)
Ra = Total Incoming Solar Radiation (mm), Calculated
Ct = Temperature Reduction Coefficient, Calculated
•t = Difference Between Daily Max and Min Temperature (•F), Observed
Tavg = Average Daily Temperature (•F), Observed
A relationship between the temperature reduction coefficient and the relative humidity 
has been determined through regression analysis to relate the reduction in PET with 
increased relative humidity.  The regression analysis results (Hargreaves and Samani, 
1982) are shown below in Equation 4-12.
3
1
)100(035.0 at wC -×= %54³aw
125.0=tC %54<aw Equation 4-12
Where wa = Relative Humidity
In order to eliminate the need for observed solar radiation measurements (Ra) in the 
application of the Hargreaves ET model, an empirical simplification was developed to 
relate temperature data (•F), latitude (•), and the Julian day (J) to incoming solar energy 
(Duffie and Beckman, 1980).  The equations are listed below.
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)sincoscossinsin(392.15 ssra wwdR ××+×××= dfdf Equation 4-13
Where dr is the relative distance between the earth and the sun defined by:
÷
ø
ö
ç
è
æ ××+=
365
2cos033.01 Jd r
p Equation 4-14
• is the solar declination (radians) defined by:
÷
ø
ö
ç
è
æ -
×
×= 405.1
365
2sin4093.0 Jpd Equation 4-15
and ws is the sunset hour angle (radians) defined by:
)tantanarccos( df ×-=sw Equation 4-16  
With these modifications of Duffie and Beckman (1980), the Hargreaves equation does 
not require the observed solar input data.  A number of studies of evapotranspiration 
models have found that the Hargreaves equation produces accurate estimates of potential 
evapotranspiration compared to the Penman combination equation or lysimetric 
observations (Mohan, 1991).  
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4.4.4 NITRATE, TOTAL PHOSPHORUS, TOTAL ORGANIC CARBON
Modeling for the nitrate, total phosphorus (TP), and total organic carbon (TOC) was 
accomplished by creating simple mechanistic models to simulate daily watershed nutrient 
transport.  All of the models follow a similar framework, but the importance of the 
specific processes varied depending on the constituent of interest.  The general modeling 
framework is represented below in Figure 4-12. 
Active Groundwater
Shallow Groundwater
Constant
WashoutUptake/Degradation
Surface
Atm Deposition General Deposition & Mineral Weathering
WashoffUptake/Removal
Leaching
Figure 4-12:  General Nutrient Modeling Framework
For each of the models, the mass loadings for the subbasins originates from three sources;
atmospheric deposition, land use deposition, and mineral weathering.  Atmospheric 
deposition is a major source of nitrogen in New England.  Nitrous oxides produced in the 
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Midwest from industry and power generation are transported east and washed out the 
atmosphere by precipitation onto the land surface.  From NOAA estimates, the Wachusett 
reservoir watershed receives 1.09 kg/ha/yr of nitrogen from atmospheric deposition.  
Nutrient mass loadings can also come from land use deposition which occurs through 
land use practices in the watershed.  Each type of land use has a unique loading value 
relative to the practices occurring on the land surface.  Some examples of land use 
loadings include residential lawn fertilizer additions which load nitrogen and phosphorus; 
septic tanks which load nitrogen; croplands with fertilizer additions loading nitrogen and 
phosphorus; pasture areas loading nitrogen from animal wastes; and forested areas 
loading TOC from leaf litter.  Another source of mass loading to the reservoir include 
mineral weathering of both soil and bedrock.  Rain in New England is mildly acidic, 
which is caused by nitrous oxide and sulfur oxide releases from industry and power 
generation processes.  The acidity of the precipitation gradually weathers the soil and 
bedrock, releasing minerals bound in the land surface.  Mineral weathering is usually a 
small component of nutrient loading; however, it can be significant in certain areas.  For 
modeling purposes, mineral weathering was lumped with land use deposition because 
there is no data supporting separate loading estimates.
The models were created to mimic the physical transport process occurring from 
deposition/weathering through transport to the outlet of the tributary.  The mass loading 
in the subbasin was assumed to occur on the surface or near surface region.  The nutrients 
in the surface zone were transported or removed through three mechanisms: uptake in 
plants or mechanical removal such as street sweeping, leaching into the sub-surface 
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through percolation of precipitation, or wash off of the impervious land surfaces to 
receiving waters.  These options mimic common processes that the modeled nutrients 
would encounter on forested and urban land areas.  Like many models, estimates of 
transport are generally accomplished by utilizing a mathematical function that closely 
mimics the behavior of the physical processes.  For these models, exponential functions 
were used and rate constants were determined through calibration against sampled data.  
Once the nutrients reach the subsurface from downward leaching, there were two options 
for the nutrients: uptake or degradation through biological activity, and washout through 
flow from the unsaturated soil zone.  Washout was accomplished by calibration of a rate 
constant similar to surface wash off.  But, uptake/degradation was determined by an 
exponential rate constant related to subsurface soil temperature.  Soil temperature was 
assumed to be a surrogate for biological activity in the subsurface and, since soil 
temperature data was unavailable, a simplistic soil temperature model was utilized.  The 
model was created by Zheng et al. (1993) and is shown in Equation 4-17.
( ) 11 -- +×-= jjjj FmAAF Equation 4-17
Where:Fj = Soil Temperature on Day j (•)
Aj = 10 Day Running Average Air Temperature on Day (j)
Aj-1 = 10 Day Running Average Air Temperature on Day (j-1)
m = Rate Scaler (0.1 if Snow pack, 0.25 if No Snow pack)
Fj-1 = Soil Temperature on Day j-1 (•)
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With the modeled soil temperature, uptake/degradation was an exponential function 
including the effects of soil temperature and a calibrated rate constant.   
Deep groundwater in the model does not receive nutrients from the above soil layer or the 
surface.  Similarly to other models, deep groundwater is assumed to have a relatively 
stable nutrient concentration that can be modeled effectively with a constant nutrient 
concentration.  The rationale for this assumption considers that the deep groundwater 
consists of relatively “old” water.  This means that constituents in the water have been 
exposed to environmental processes for a period of time and as a result the concentration 
is assumed to not be significantly affected by physical or biological processes.
The simplistic modeling framework was constructed to effectively mimic surface and 
subsurface processes concerning constituents of interest, while minimizing complexity.  
The reason for simplicity is due to limitations in potential calibration data.  Essentially, 
the data input for the models only include the hydrologic inputs from the TopCAT model 
and sampled, in-stream, concentration data.  Without more comprehensive monitoring 
data, the simplistic mechanistic model was the best modeling option.  Further mechanistic 
detail would have resulted in an over parameterized model or require an extensive 
monitoring program to effectively capture the required data.  On the other hand, a more 
advanced mechanistic model could capture the biogeochemical interactions and nutrient 
cycling in the subbasins.  These processes could allow for more effective modeling of the 
sub-watershed processes.
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4.4.5 FECAL COLIFORM MODELING
Mechanistic fecal coliform modeling was also investigated to potentially expand on the 
FC monitored data.  Successful application of mechanistic modeling techniques at a 
watershed scale have not been completed due to the complexity of fate and transport of 
enteric pathogens in natural environments.  Simple mechanistic models were found to be 
successful at point source sewage overflows, and at livestock and agricultural locations.  
But, these models required animal data and waste production data to effectively access 
bacteria loading to receiving waters.  Without that available data and the diverse 
watershed landuse, there was not sufficient data to attempt a tributary FC model.  Instead, 
hydrologic output from UM-TOPCAT was uses as a basis for creating a simple 
regression model to access daily fecal coliform tributary concentrations.   
4.4.6 PRELIMINARY FECAL COLIFORM REGRESSION ANALYSIS
DCR is also concerned with minimizing the influx of bacteria, specifically fecal coliform 
(FC) into the Wachusett Reservoir.  Currently, weekly monitoring data is collected from 
all the Wachusett subbasins to evaluate the occurrence of fecal coliform contamination 
spatially and temporally.  Interest in modeling FC is of interest to DCR to assist in 
evaluating the effects of various management practices to minimize FC contamination.  
Literature indicates that modeling FC on a watershed scale has been met with limited 
success using either regression analysis or mechanistic modeling.  While linear regression 
models can use predictors, such as temperature to indicate that during warmer weather 
higher FC concentration may occur, the timing of occurrences rarely matches up with 
monitored data and simply follows the underlying trends of the predictor variables.  
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Despite the lack of success in the literature for FC modeling through linear regression 
applications, a minimal regression analysis was completed for the Stillwater subbasin.  
The resultant regression equation was:
)(FCLogLoad )(0034.0)(0629.0)(0409.044.1 gof QLogQLogCT ×+×+°×-=
Equation 4-18
Where FC = Load (CFU)
T = Temperature in degrees C
Qof = Overland flow (m3/day)
Qg = Groundwater flow (m3/day)
The standard predictor variables for the nutrient loading were not significant for FC.  
Therefore, the predictor variables were extended to find significant parameters.  The 
resultant equation only had and R2 of 0.21 which indicates a limited correlation between 
the predator variables and the FC concentration. 
While the regression model was able to capture seasonal and annual trends in the average 
values, it did not capture elevated levels (> 200 cfu) well.  Summer variability was poorly 
represented, but winter-time concentrations were adequately simulated.  Other studies 
have found similar results since temperature acts as a surrogate for biological activity.  
Typically, most fecal coliform contamination is a result of wildlife activities near 
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receiving waters, and wildlife contact with receiving water more likely occurs during 
warmer times.  Also, the fecal coliform bacteria tend to live longer in the environment 
during warmer conditions.  Without data on animal specific wildlife populations and 
animal activities, regression analysis will be unable to accurately predict tributary FC 
loads.  
Several options to improve FC regression modeling include extensive warm weather 
monitoring to more create a more accurate warm weather fecal coliform model.  More 
accurate data regarding sub-daily precipitation and runoff could aid in coliform modeling.  
Also, an intensive sampling project could potentially identify other more accurate 
predictor variables of wildlife activites.  
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Figure 4-13:  Fecal Coliform Regression Analysis for Stillwater River
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4.4.7 MODELING RESULTS
The hydrologic and nutrient loading models were calibrated using sampled data from 
USGS and DCR, explained previously.  The models have a time step of one day and the 
results are lumped for an entire subbasin.  The suite of model results are available in 
Appendix C, but representative samples from French Brook and Stillwater River were 
selected to illustrate results at one small subbasin and one large subbasin.  The model 
results for French Brook are shown below in Figures 4-14 through 4-17 and model results 
for Stillwater River a shown in Figures 4-18 through 4-21.  The figures represent the 
daily modeled data plotted along with sampled discharge and water quality data.  The 
tributary models were calibrated to minimize the square of the residual error between the 
sampled data and the model output.  The sampled data is represented by open squares and 
dots are the modeled data in the figures.  Water samples were taken less frequently than 
the daily model output.  
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Figure 4-14:  French Brook Discharge Model Results
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Figure 4-15:  French Brook Nitrate Model Results
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Figure 4-16:  French Brook TP Model Results
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Figure 4-17:  French Brook TOC Model Results
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Figure 4-18:  Stillwater River Discharge Model Results
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Figure 4-19:  Stillwater River Nitrate Model Results
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Figure 4-20:  Stillwater River TP Model Results
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Figure 4-20:  Stillwater River TOC Model Results
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Visually, the model effectively captures the trends in the data and seems to fit well.  Typically, 
an effective model calibration involves producing a model result within 25% of annual loading 
estimates from sampled data and visually fitting the sampled data to the model trends.  Visual 
assessment of the model performance indicates that the model was effectively calibrated.  There 
are particular times, especially at low and high concentration values, where the modeled data 
diverges from the sampled data.  The extremes in concentration data are difficult to determine 
with these models since they do not account for the complex biological and physical interactions 
inherent to natural systems.   
Several statistical metrics can also be used to evaluate model fit; the coefficient of multiple 
determination (R2) and the root mean square error.  R2 is defined as the proportion of the 
variation in the dependent variable explained by variation in the independent variables (Kutner et 
al., 2004).  With the limited sampled data collected, R2 comparison between sampled and 
modeled data generally yielded poor fitting results.  The exception was the discharge modeling 
which included a robust data set including weekly monitoring at most tributaries.  The R2 values 
are listed below in Table 4-8 and were calculated from days where there was available paired 
modeled and sampled data.
Table 4-8:  Coefficient of Multiple Determination (R2) Combined from all Tributaries
Discharge (m3/s) 0.765
Nitrate (mg/L) 0.235
TP (mg/L) 0.004
TOC (mg/L) 0.227
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The R2 coefficient seems to validate that the hydrologic modeling captured the daily discharge 
variability, but the nutrient modeling does not.  Unfortunately, this metric typically does not 
yield conclusive results with modeling of long time periods with limited monitoring data.  
The root mean square error (RMSE) was another potential metric for validation of model 
accuracy.  RMSE is the average deviation of the modeled data from the sampled data.  
Therefore, calculation of the RMSE can be used to bound modeled predictions by the average 
deviation of the model.  RMSE results are provided in Table 4-9.
Table 4-9:  Wachusett Tributary Model - Root Mean Square Error 2000-2008
Wachusett Tributary Modeling
French Gates Malagasco Malden Muddy Quinapoxet Stillwater W Boylston
Discharge (m3/s) 0.022 0.079 0.115 0.518 0.057 1.531 1.146 0.007
Nitrate (mg/L) 0.100 1.149 0.317 0.208 0.074 0.173 0.116 0.464
TP (mg/L) 0.038 0.033 0.025 0.069 0.056 0.046 0.059 0.054
TOC (mg/L) 1.345 3.897 10.190 2.879 2.681 2.502 2.168 2.974
The RMSE values shown above represent the average deviation from the mean in the modeled 
subbasins.  In the subbasins, the RMSE indicates that the models are relatively accurate in 
quantifying both the discharge and nutrient loads.  RMSE is a relative term and difficult to use in 
quantifying error in models.  Therefore, the lack of typical statistical metrics to determine 
modeling accuracy, the model outputs were compared to estimated loadings from sampled data 
as well as annual regression model data.  As stated previously, most mechanistic models are 
calibrated by comparison to annual loading estimates along with a visual fit.  For example, the 
advanced Hydrological Systems Program – FORTRAN (HSPF) model is calibrated via a visual 
fit method along with verification by comparing modeling outputs to sampled water quality data.  
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If the average annual load differs from the modeled load by less than 25%, then the model is 
appropriately calibrated.  In order to visually represent the differing methods of load estimation, 
Figures 4-21 through 4-23 show the nitrate, TP, and TOC annual loads bracketed by error bars 
representing 25% variation around the measured loading estimates.  
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Figure 4-21:  Wachusett Reservoir Annual Nitrate Loading Estimates - Large Watersheds
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Figure 4-22:  Wachusett Reservoir Annual Nitrate Loading Estimates - Small Watersheds
0
500
1000
1500
2000
2500
3000
3500
4000
4500
20
00
20
01
20
02
20
03
20
04
20
05
20
06
20
00
20
01
20
02
20
03
20
04
20
05
20
06
Quniapoxett Stillwater
TP
 L
oa
d 
(k
g/
yr
)
Regression
Measured
Modeled
Figure 4-23:  Wachusett Reservoir Annual TP Loading Estimates - Large Watersheds
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Figure 4-24: Wachusett Reservoir Annual TP Loading Estimates - Small Watersheds
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Figure 4-25:  Wachusett Reservoir Annual TOC Loading Estimates - Large Watersheds
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Figure 4-26:  Wachusett Reservoir Annual TOC Loading Estimates - Small Watersheds
The figures above indicate that the mechanistic and regression models both reasonably capture 
the annual loading of nitrate, TP, and TOC when compared against annual estimates based on 
observed data.  Several instances, most notably year 2005, sampled tributary data indicated 
extremely high loading values of up to six times greater than the average annual loading.  These 
data would seem to indicate that the sparse monitoring of the subbasins lead to bias in the annual 
estimates.  From previous sections, the sample mean method was used to estimate annual 
loadings from measured data.  However, the majority of the mechanistic models accurately 
capture the loadings to the reservoir.  
4.5 SUMMARY AND OBSERVATIONS
Several methods were utilized in order to quantify the mass loading of nitrate, TP, and TOC to 
the Wachusett Reservoir from eight subbasins.  The methods included monitoring data estimates, 
regression analysis estimates, and simple mechanistic model estimates.  These methodologies 
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produced similar results in terms of annual loadings from to the reservoir, and the models were 
within 25% of the estimated loads.  
From the loading estimate results, observations could be made from the trends evident at the 
subbasins:
- The large subbasins load the most mass to the reservoir
- Smaller subbasins load proportionally more nutrients to the reservoir
- Smaller subbasins have a more dramatic stream response to rain events
- Infrequent monitoring of small subbasins can create artificially high or low flux 
estimates based on the monitoring data
- Regression analysis can effectively capture annual loadings and may potentially 
be used to predict the water quality effects due to land use change
- Regression analysis in combination with mechanistic hydrologic modeling can 
potentiall assess the daily variability in the fecal coliform concentrations
- Mechanistic hydrologic and nutrient models can effectively capture both daily and 
annual reservoir loadings and are useful for management purposes
In the next chapter, the mechanistic models developed in the section will be applied towards 
management and monitoring questions in the Wachusett Reservoir and watersheds.
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5-1
5 WATERSHED MANAGEMENT
5.1 INTRODUCTION
Drinking water quality for metropolitan Boston depends greatly on the source waters in the 
supply reservoirs.  Emphasis is placed on Wachusett Reservoir because it has a major intake for 
the metropolitan Boston water system.  The water quality in the reservoir is tied to pollutant 
loadings from individual subbasins and from atmospheric deposition.  Each of the subbasins has 
a unique set of physical characteristics including geomorphology and land use practices which 
affect the respective contribution to reservoir water quality.  Characterizing the inputs from the 
subbasins is of critical concern in managing reservoir water quality.  Determination of water 
quality inputs is accomplished by monitoring discharges and water quality in the subbasin 
tributaries.  Monitoring can be divided into several categories including compliance monitoring, 
operational monitoring, and monitoring to support modeling efforts.  
Compliance monitoring is generally associated with the required sampling stipulated by the 
Surface Water Treatment Rule which became effective December 31, 1990.  In this federal 
regulation, standards were set to maintain safe drinking water free from various contaminants.  
Under the new regulations, the metropolitan Boston water supply received a waiver from 
physical treatment of the reservoir water.  However, under the regulations, routine sampling of 
reservoir water was stipulated to continually access both the source water and disinfected water 
quality. The necessary monitoring has changed over the years with regulations such as the Long 
Term 2 Enhanced Surface Water Treatment Rule.  Routine compliance monitoring is a rather 
inflexible requirement and the research project was not focused on regulatory monitoring.
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Operational monitoring and monitoring to support modeling efforts are the types of monitoring 
emphasized in this research project.  Operational monitoring includes several types of data 
collection which access the meteorological, hydrologic, and water quality characteristics of the 
contributing watershed.  
Meteorological data (precipitation) is collected at a variety of locations in the Wachusett 
Watershed, though the primary source of reliable data for the watershed comes from Worcester 
Airport outside the basin.  The USGS and DCR operate a rain gauge at the Stillwater River 
gaging station, however, data from the station was deemed unreliable due to trending and lack of 
available quality control information. The other scattered rain data locations inside the basin 
were operated by residents which provided incomplete data sets.
Other operational monitoring includes limited groundwater sampling.  DCR, in the past, has 
sampled a variety of locations to access groundwater quality and levels, however, many of the 
locations have been abandoned and are not sampled on a regular basis.  The most prevalent 
operational monitoring program has focused on surface water inputs from the ten Wachusett 
Reservoir tributaries.  These tributaries are sampled for water quality constituents as well as 
discharge.  There are, however, two subbasins not monitored for discharge, including Boylston 
Brook and Waushacum Brook.  Monitoring in support of modeling efforts has occurred in the 
Wachusett Reservoir watershed over several periods for research projects and for watershed 
remediation purposes.  Generally, the projects were limited in scope and were used to identify 
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upstream sources of tributary inputs.  Those projects are useful for focused remediation efforts, 
but not as much for overall watershed loading.
5.2 OPTIMIZING WATERSHED MONITORING  
The purpose of the research project was to create several types of models to evaluate the 
accuracy of the current watershed monitoring program and present options for improvement.  
Previous sections indicated that limited routine monitoring could result in loading estimate bias 
and that statistical and mechanistic models could be created to accurately capture both 
hydrologic and water quality variability. Using the model results, various methods were utilized 
to analyze and optimize routine operational monitoring.
5.2.1 ROUTINE MONITORING PERFORMANCE
Analysis of the current DCR monitoring program was completed utilizing the daily mechanistic 
modeled data.  The basis for the analysis was that the daily model dataset was the “actual” data 
from the tributaries.  Using the dataset, a variety of sampling frequencies were tested against the 
modeled loading estimates.  The relative error of less frequent sampling was compared to assist 
in optimization of routine monitoring program.  
In order to illustrate the effects of infrequent monitoring, several arbitrary monitoring schemes 
were explored and visualized below in Figures 5-1 through 5-4.  The error was calculated by 
selecting a weekly, bi-weekly, monthly, and quarterly sampling frequency.  These selected 
sampling frequencies were compared to the modeled daily dataset to compare monitoring errors 
associated solely with the frequency of monitoring.  The error bars in the figures were calculated 
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by trying all the possible iterations of weekly, bi-weekly, monthly, and quarterly sampling.  For 
example, weekly monitoring could occur on one of seven days in every week.  The colored bars 
are the average annual loads calculated from the daily modeled dataset, and the error bars are the 
maximum and minimum variance from the annual load using the arbitrary monitoring schemes. 
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Figure 5-1:  Error Associated with Weekly Sampling
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Figure 5-2:  Error Associated with Bi-Weekly Sampling
Error of Monthly Sampling
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Figure 5-3:  Error Associated with Monthly Sampling
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Error of Quarterly Sampling
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Figure 5-4:  Error Associated with Quarterly Sampling
The figures above show two important pieces of information: potential errors increase with less 
frequent monitoring and relative errors in smaller tributaries are orders of magnitude less than 
that of Quinapoxet and Stillwater Rivers.  This indicates that monitoring programs should 
emphasize monitoring of larger tributaries.  
The relative maximum percentage errors between 2000 and 2006 over the period are represented 
below in Table 5-1. 
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Table 5-1:  Monitoring Errors Associated with Standard Monitoring Frequencies
Monitoring 
Frequency
Monitoring Error (%)
Maximum Minimum # Samples
Weekly 12 -15 52
Bi-Weekly 37 -32 26
Monthly 46 -48 12
Quarterly 127 -73 4
By using the daily modeled dataset, monitoring programs could be developed to optimize 
monitoring accuracy with limited sampling.  In the case of the Wachusett Reservoir, five
potential monitoring programs were compared along with the current monitoring.  The 
monitoring plans included; Scenario 1: Weekly monitoring at all basins, Scenario 2: Bi-weekly 
monitoring at small basins and weekly monitoring at large basins, Scenario 3: Monthly 
monitoring at small basins and bi-weekly monitoring at large basins, Scenario 4: Quarterly 
monitoring at small basins and monthly monitoring at large basins, Current Scenario: Six times 
annually at small basins and monthly monitoring at large basins.  The results of the scenario, 
however, are likely to underestimate loadings because two tributaries do not have discharge 
information and direct inflow to the reservoir is not accounted for.  
Table 5-2:  Wachusett Reservoir Loading Error Associated with Selected Monitoring 
Programs
Overall Monitoring Error (%)
# Samples/yr Q N TP TOC
Scenario 1 416 5.80 5.53 5.60 6.36
Scenario 2 260 7.28 6.55 6.46 6.99
Scenario 3 124 27.48 23.48 23.92 23.73
Scenario 4 48 44.47 32.14 33.16 36.34
Current 60 41.52 31.47 31.72 36.26
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Table 5-2 indicates that shorter frequency monitoring more accurately captures reservoir 
loadings from the eight modeled subbasins.  The accuracy drops significantly once monitoring 
frequency is greater than two weeks; however, the number of samples collected drops 
dramatically with less frequent sampling.  The data also suggests that the current monitoring 
program does not gain a significant amount of accuracy by sampling smaller tributaries six times 
versus quarterly.  In terms of quantity of monitoring, doubling the current amount of samples 
collected would only result in about a ten percent gain in accuracy of the loading estimates.  
Considering that over 21% of the contributing watershed is not accounted for in the current 
monitoring program, emphasis should be placed on currently un-monitored locations.
5.3 WET WEATHER MONITORING
Wet weather monitoring is another important monitoring consideration.  In many watersheds, 
wet weather loading to source waters contribute a significantly large portion of annual nutrient 
loads (Puijenbroek et. al., 2004).  The significance of wet loading seems to be linked to the 
duration of dry periods between wet weather and also the availability of nutrients nearby the 
receiving water.  In arid regions, wet weather loading was been noted to contribute upwards of 
80% of annual nutrient loads, while in more moderate locations wet weather loadings contribute 
significantly less to the total nutrient loadings.  
The Wachusett Reservoir Watershed has a sizable amount of protected area surrounding the 
reservoir, and the climate in New England is rather moderate.  This would likely limit the 
magnitude of wet weather loading, though DCR is concerned that the routine monitoring 
program can be enhanced by capturing wet weather events.  Typically the effects of wet weather 
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loadings are investigated through intensive monitoring that includes daily monitoring along with 
significant sub-daily wet weather monitoring.  That type of intensive data was unavailable for 
this analysis, therefore, a preliminary analysis was undertaken to determine whether the simple 
mechanistic models indicate that wet weather affects nutrient loading.  In order to visualize the 
analysis Figure 5-5 below represents load versus flow at Gates Brook.  Precipitation data was 
superimposed on the loading data and the average daily load was drawn as a straight line on the 
chart.    
Figure 5-5: Gates Brook Wet Weather P Loading
This simple figure clearly indicates that the loading from Gates Brook is not consistent 
throughout the years.  Spikes in the daily loads often exceed the annual daily average.  Many of 
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the spikes can be associated with wet weather events or generally wet times, but it takes a 
combination of elevated nutrients in the watershed along with weather events to produce spikes 
in nutrient loading.  Therefore, routinely monitoring all wet weather events would not efficiently 
produce a more accurate monitoring program, since many rainfall events do not significantly 
elevate nutrient loads.  
In order to evaluate the effect of wet weather monitoring accuracy, an example scenario similar 
to the previous section was performed.  The example scenario expanded on scenario 4 which 
included monthly monitoring of Stillwater and Quinapoxet subbasins and quarterly monitoring 
of the smaller tributaries.  The wet weather monitoring was selected to only include wet weather 
events of one inch or greater.  Standard wet weather monitoring typically include specific 
precipitation depth thresholds in order to minimize the number of required monitoring events 
annually.  The results from the previous section are included with the wet weather monitoring 
scenario are shown in Table 5-3.
Table 5-3:  Wachusett Reservoir Loading Error Associated with Wet Weather Monitoring 
Program
Overall Monitoring Error (%)
# Samples/yr Q N TP TOC
Scenario 1 416 5.80 5.53 5.60 6.36
Scenario 2 260 7.28 6.55 6.46 6.99
Scenario 3 124 27.48 23.48 23.92 23.73
Scenario 4 48 44.47 32.14 33.16 36.34
Scenario 4 + 1" Rain 120 44.02 31.89 33.42 35.96
Current 60 41.52 31.47 31.72 36.26
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The wet weather monitoring scenario did not produce significant improvement to the overall 
monitoring accuracy.  Table 5-3 indicates that the extra nine samples taken at each basin 
annually amount to less than one percent accuracy gain.  As mentioned previously, wet weather 
events are not a significant indicator of elevated loading; it takes a combination of factors 
including available nutrients and available soil moisture to result in elevated loading.
While the simple mechanistic models indicate that significant loading events are important to the 
annual nutrient loadings, intensive wet weather sampling is unlikely to add accuracy to a 
monitoring program.  It seems necessary to undertake a study to evaluate the linkage between 
mass loading and a variety of watershed characteristics.  Perhaps a combination of hydrologic 
and climate variables could be useful in the prediction of elevated mass loading events.    Also, 
more intense regression analysis could be investigated to evaluate the relationships between 
precipitation and mass loading from the individual subbasins.  Understanding more of the 
complex interactions in the subbasins nutrients could assist in determining an appropriate 
monitoring approach to optimize monitoring accuracy without utilizing excessive monitoring 
resources.
5.4 CLIMATE CHANGE MODELS
Mechanistic modeling allows for a variety of predictive applications to be explored including the 
potential repercussions of climate change at the Wachusett Reservoir.  Data was made available 
from two climate change models.  The models used were the Hadley Centre Coupled Model, 
version 3 (HadCM3) and the Princeton Climate Model (PCM).  Both models utilize large scale 
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coupled mechanistic modeling to simulate the effects of changing carbon dioxide levels on future 
climate scenarios.  
Scientists and other technical experts involved with the Intergovernmental Panel on Climate 
Change (IPCC) have developed a set of future emission scenarios known collectively as SRES 
(Special Report on Emissions Scenarios). The highest emission scenario, A1FI, uppermost 
dotted red line in Figure 5-6 below, represents a future with fossil fuel-intensive economic 
growth and a global population that peaks mid-century and then declines. In this scenario, 
concentrations of atmospheric carbon dioxide reach 940 parts per million (ppm) by 2100, which 
is more than triple pre-industrial levels. 
The lower-emission scenario, B1, the solid green line in Figure 5-6, also represents a world with 
high economic growth and a global population that peaks by mid-century, and then declines. 
However, the lower-emission scenario includes a shift to less fossil fuel-intensive industries and 
the introduction of clean and resource-efficient technologies. Atmospheric carbon dioxide 
concentrations reach 550 ppm by 2100, about double pre-industrial levels. Current carbon 
dioxide concentrations stand at 380 ppm which is about 40 percent above pre-industrial levels.
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Figure 5-6: Global CO2 Emissions Scenarios
The Union of Concerned Scientists sponsored a Northeast Climate Impacts Assessment study
that used the A1FI and B1 scenarios as the envelope of plausible emissions pathways.  Results 
for both the HadCM3 and PCM models and the A1FI and B1 scenarios were obtained from the 
IPCC website. The climate data from these models was produced at 2.5•x3.75• latitude by 
longitude grid scale.  For the Northeast Climate Impacts Assessment study, the climate data was 
downscaled into 0.125• grids over the northeast region using the Variable Infiltration Capacity 
Model (VIC) (see, for example, Liang et al., 2001).  The data included observed data from 1950 
through 2000 and future climate predictions from 2000 through 2100. 
The VIC model provides temperature and precipitation predictions for the future at a scale (0.125 
degree) reasonable for utilized by UM-TOPCAT. These data are available for 4 future 
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projections (2 climate models X 2 scenarios, 2000-2100). Also available are VIC downscaled 
data sets for the period 1960-2000 based on four observed 20th Century GCC model predictions. 
The later data sets were utilized for comparison against historic observation based data (1950-
2000) to evaluate accuracy of the coupled GCC-VIC model to downscale data for the New 
England region. The resulting VIC data for the period 2006 – 2099 was utilized to predict the 
7Q10 under future climate conditions or other future water quality conditions.  For an example, 
the climate model HadCM3 under the A1FI scenario was applied to the Stillwater River 
tributary.  The resultant data was compiled into Figures 5-7 through 5-12. Provide a little more 
text saying what the figures are… figures x and x present the changing temps and prcip expected 
under the various scenarios, etc.
Figure 5-7:  HadCM3 A1FI Climate Change – Decadal Average Temperature
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Figure 5-8:  HadCM3 A1FI Climate Change – Decadal Annual Average Precipitation
Figure 5-9:  HadCM3 A1FI Climate Change – Decadal Average 7Q10 Flow
Figure 5-10:  HadCM3 A1FI Climate Change – Decadal Annual Average Nitrate Load
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Figure 5-11:  HadCM3 A1FI Climate Change – Decadal Annual Average TP Load
Figure 5-12:  HadCM3 A1FI Climate Change – Decadal Annual Average TOC Load
The climate change models indicate that over the next century the average tempurature will raise 
along with the annual precipitation.  It is counter-intuitive that the 7Q10 flows generally will 
decrease considering the average increase in rainfall of 35%.  Further analysis indicated that the 
rainfall will come in more infrequent but intense rain events.  Along with the increases in 
precipitation, nutrient and TOC loading would increase to the Wachusett Reservoir
approximately 30%.  The combined effects of warmer temperatures and higher nutrient loads to 
the reservoir will ultimately produce more instances of algal blooms and water quality 
degradation issues.  
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5.5 SUMMARY AND RECOMMENDATIONS
Modeled data generated for the Wachusett Reservoir tributaries was used to explore watershed 
management and long term planning.  One exercise entailed evaluating several standard 
monitoring plans to determine their accuracy relative to a daily modeled dataset.  Wet weather 
monitoring was discussed to explore the need for extensive study into the loading effects of 
storm events and climate change data was explored in the tributary models to provide guidance 
in future reservoir management.
Recommendations from this project include the following:
- Discharge and nutrient data should be collected at Boylston and Waushacum 
Brooks 
- Data should be collected to evaluate direct inflow to reservoir
- Additional wet weather monitoring should occur to more effectively calibrate 
models loading in wet weather events 
- Collect additional data on groundwater and soil water to validate model data
- Continue monitoring fecal coliform and undertake rigorous study into identifying 
FC “hotspots” and methods to model FC in larger watershed scales
- Explore further the utilization of climate change modeling to predict the water 
quality effects of increased nutrient loading to the Wachusett Reservoir as well as 
the value of these efforts to DCR.
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APPENDIX A – GIS Subbasin Landuse
Landuse Areas Boylston French Gates Malagasco Malden Muddy Quinapoxet Stillwater Washacum W Boylston
Land Use Code
1 18457 136027 283311 234324 24272 6583419 4603886 871862 106720
2 79028 174439 15520 105421 52738 3572670 1115060 329082 13554
3 668643 3774176 2860887 1445300 2359986 935721 102455344 57849099 10975476 116788
4 105768 99407 39555 39831 1772703 781910 382093
5 604854 338251 350272
6 34576 241968 1079 155650 221224 2271206 1627887 607179 73217
7 6906 591968 362851 28590 68204 762763 373592 12238 68142
8
9 15911
10 38608 148082 147375 134090 51600
11 1155860 61951 173479 557664 277772 23258
12 51761 1609965 66662 241451 2529 6933552 1331024 1502339 212462
13 279222 653292 335979 361400 520206 157624 9420816 7584318 2201874 236863
14
15 17117 520711 8 11720 664555 79683 137748 35802
16 43570 471071 16475 9616
17 23814 45456 208635 5859 13637 42051 1330903 240487 132594 21583
18 298392 4281 53095 833218 625016 351800
19 122449 35883 43471
20 3568 37064 1806 8252 4805791 1200675 1396484 9000
21 1581 19841 15806 58480 151698 748122 514400
SUM (m2) 1053951 5494311 8206821 2132786 3812916 1757853 143462049 78685459 20163810 917388
SUM (km2) 1.05 5.49 8.21 2.13 3.81 1.76 143.46 78.69 20.16 0.92
A-2
%
Cropland 1.90 2.84 3.64 2.74 6.15 1.38 4.69 6.80 6.88 11.63
Pasture 0.00 1.44 2.13 0.73 2.76 3.00 2.49 1.42 1.63 1.48
Forest 63.44 68.69 34.86 67.77 61.89 53.23 71.42 73.52 54.43 12.73
Urban/Developed 34.32 24.43 58.16 28.68 27.94 40.12 16.81 15.74 28.24 73.18
Water/Wetland 0.34 2.60 1.21 0.08 1.25 2.27 4.59 2.52 8.82 0.98
Ha
Cropland 2.0 15.6 29.9 5.8 23.4 2.4 673.5 535.2 138.6 10.7
Pasture 0.0 7.9 17.4 1.6 10.5 5.3 357.3 111.5 32.9 1.4
Forest 66.9 377.4 286.1 144.5 236.0 93.6 10245.5 5784.9 1097.5 11.7
Urban/Developed 36.2 134.2 477.3 61.2 106.5 70.5 2412.0 1238.7 569.4 67.1
Water/Wetland 0.4 14.3 9.9 0.2 4.8 4.0 657.8 198.3 177.9 0.9
B-1
APPENDIX B – Multiple Regression Analysis Results
Regression Analysis: Log (Nitrate versus Log (Croplan, Log 
(Pasture, ... 
The regression equation is
Log (Nitrate) = - 2.76 + 0.654 Log (Cropland) + 1.07 Log (Pasture)
 - 1.07 Log (Forest) + 0.988 Log (Urban) - 0.979 Log (Water)
 + 0.784 Log (Discharge)
Predictor            Coef  SE Coef       T      P
Constant          -2.7640   0.5369   -5.15  0.000
Log (Cropland)    0.65371  0.09497    6.88  0.000
Log (Pasture)      1.0690   0.2295    4.66  0.000
Log (Forest)     -1.06591  0.09350  -11.40  0.000
Log (Urban)        0.9876   0.1638    6.03  0.000
Log (Water)       -0.9791   0.1013   -9.67  0.000
Log (Discharge)   0.78361  0.07410   10.57  0.000
S = 0.153565   R-Sq = 96.1%   R-Sq(adj) = 95.5%
Analysis of Variance
Source          DF       SS      MS       F      P
Regression       6  23.7425  3.9571  167.80  0.000
Residual Error  41   0.9669  0.0236
Total           47  24.7094
Source           DF   Seq SS
Log (Cropland)    1  15.8273
Log (Pasture)     1   1.4193
Log (Forest)      1   0.9359
Log (Urban)       1   0.6126
Log (Water)       1   2.3102
Log (Discharge)   1   2.6372
Unusual Observations
 Log        Log
Obs  (Cropland)  (Nitrate)     Fit  SE Fit Residual  St Resid
 2        1.19     2.6725  2.2495  0.0693    0.4230      3.09R
 7        1.48     4.0027  3.7114  0.0508    0.2913      2.01R
13        0.77     2.4835  2.8350  0.0604   -0.3515     -2.49R
29        0.39     1.6771  1.9729  0.0564  -0.2958     -2.07R
31        0.39     2.6675  2.9796  0.0909   -0.3121     -2.52R
R denotes an observation with a large standardized residual.
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Regression Analysis: Log (TP) versus Log (Cropland), Log 
(Pasture), ... 
The regression equation is
Log (TP) = - 2.45 + 0.431 Log (Cropland) + 0.025 Log (Pasture)
 + 0.241 Log (Forest) - 0.257 Log (Urban) - 0.139 Log (Water)
 + 0.611 Log (Discharge)
Predictor           Coef  SE Coef      T      P
Constant         -2.4528   0.8193  -2.99  0.005
Log (Cropland)    0.4308   0.1449   2.97  0.005
Log (Pasture)     0.0251   0.3503   0.07  0.943
Log (Forest)      0.2409   0.1427   1.69  0.099
Log (Urban)      -0.2571   0.2500  -1.03  0.310
Log (Water)      -0.1389   0.1546  -0.90  0.374
Log (Discharge)   0.6113   0.1131   5.41  0.000
S = 0.234366   R-Sq = 91.3%   R-Sq(adj) = 90.0%
Analysis of Variance
Source          DF       SS      MS      F      P
Regression       6  23.5797  3.9299  71.55  0.000
Residual Error  41   2.2520  0.0549
Total           47  25.8317
Source           DF   Seq SS
Log (Cropland)    1  20.7136
Log (Pasture)     1   0.0010
Log (Forest)      1   0.8642
Log (Urban)       1   0.3395
Log (Water)       1   0.0567
Log (Discharge)   1   1.6047
Unusual Observations
 Log
Obs  (Cropland)  Log (TP)     Fit  SE Fit  Residual  St Resid
16        0.77    2.6834  2.1629  0.0996    0.5205      2.45R
23        1.37    3.0121  2.5186  0.0930    0.4935      2.29R
34        2.83    3.5285  3.0253  0.0808    0.5032  2.29R
R denotes an observation with a large standardized residual.
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Regression Analysis: Log (TOC) versus Log (Cropland), Log 
(Pasture), ... 
The regression equation is
Log (TOC) = - 2.34 - 0.067 Log (Cropland) - 0.350 Log (Pasture)
  + 0.655 Log (Forest) - 0.191 Log (Urban) - 0.079 Log (Water)
 + 0.902 Log (Discharge)
Predictor           Coef  SE Coef      T      P
Constant         -2.3368   0.5775  -4.05  0.000
Log (Cropland)   -0.0665   0.1022  -0.65  0.519
Log (Pasture)    -0.3497   0.2469  -1.42  0.164
Log (Forest)      0.6550   0.1006   6.51  0.000
Log (Urban)      -0.1912   0.1762  -1.09  0.284
Log (Water)      -0.0791   0.1090  -0.73  0.472
Log (Discharge)  0.90239  0.07971  11.32  0.000
S = 0.165199   R-Sq = 95.0%   R-Sq(adj) = 94.3%
Analysis of Variance
Source          DF       SS      MS       F      P
Regression       6  21.3961  3.5660  130.67  0.000
Residual Error  41   1.1189  0.0273
Total           47  22.5151
Source           DF   Seq SS
Log (Cropland)    1  14.0188
Log (Pasture)     1   0.0248
Log (Forest)      1   3.3278
Log (Urban)       1   0.5017
Log (Water)       1   0.0258
Log (Discharge)   1   3.4973
Unusual Observations
 Log
Obs  (Cropland)  Log (TOC)     Fit  SE Fit  Residual  St Resid
30        0.39     4.9493  4.5215  0.0851    0.4278      3.02R
47        1.03     3.9120  3.5295  0.0882    0.3825      2.74R
R denotes an observation with a large standardized residual.
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APPENDIX C – Lumped Mechanistic Model Results
Figure E-1: French Brook Discharge Model Results
Figure E-2: French Brook Nitrate Model Results
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Figure E-3: French Brook TP Model Results
Figure E-4: French Brook TOC Model Results
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Figure E-5: Gates Brook Discharge Model Results
Figure E-6: Gates Brook Nitrate Model Results
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Figure E-7: Gates Brook TP Model Results
Figure E-8: Gates Brook TOC Model Results
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Figure E-9: Malagasco Brook Discharge Model Results
Figure E-10: Malagasco Brook Nitrate Model Results
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Figure E-11: Malagasco Brook TP Model Results
Figure E-12: Malagasco Brook TOC Model Results
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Figure E-13: Malden Brook Discharge Model Results
Figure E-14: Malden Brook Nitrate Model Results
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Figure E-15: Malden Brook TP Model Results
Figure E-16: Malden Brook TOC Model Results
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
12/06/99 04/19/01 09/01/02 01/14/04 05/28/05 10/10/06T
P 
C
on
ce
nt
ra
tio
n 
(m
g/
L)
Date
Modeled
Sampled
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
18.0
12/06/99 04/19/01 09/01/02 01/14/04 05/28/05 10/10/06
TO
C
 C
on
ce
nt
ra
tio
n 
(m
g/
L)
Date
Sampled
Modeled
C-9
Figure E-17: Muddy Brook Discharge Model Results
Figure E-18: Muddy Brook Nitrate Model Results
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Figure E-19: Muddy Brook TP Model Results
Figure E-20: Muddy Brook TOC Model Results
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Figure E-21: Quinapoxet River Discharge Model Results
Figure E-22: Quinapoxet River Nitrate Model Results
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Figure E-23: Quinapoxet River TP Model Results
Figure E-24: Quinapoxet River TOC Model Results
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Figure E-25: Stillwater River Discharge Model Results
Figure E-26: Stillwater River Nitrate Model Results
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Figure E-27: Stillwater River TP Model Results
Figure E-28: Stillwater River TOC Model Results
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Figure E-29: W Boylston Brook Discharge Model Results
Figure E-30: W Boylston Brook Nitrate Model Results
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Figure E-31: W Boylston Brook TP Model Results
Figure E-32: W Boylston Brook TOC Model Results
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French
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 1927000 350 66 11500
2001 1522000 400 52 9700
2002 1359000 320 46 9000
2003 2065000 330 79 13800
2004 2027000 410 76 13200
2005 2363000 400 84 14500
2006 2474000 330 83 14200
Total 13737000 2530 487 85900
% Total 1.3 0.9 1.6 2.0
Gates
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 3810000 3220 59 7400
2001 2774000 2850 61 9100
2002 2382000 2130 47 8300
2003 2913000 4090 72 7700
2004 2613000 3630 70 8800
2005 3206000 4770 90 9900
2006 2997000 4350 78 8700
Total 20699000 25050 478 59800
% Total 2.0 8.8 1.6 1.4
Malagasco
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 1692000 940 63 31200
2001 1386000 770 51 25000
2002 1166000 770 50 25000
2003 2394000 1240 84 42300
2004 2141000 1120 76 37900
2005 3220000 1430 98 49500
2006 2737000 1280 87 43700
Total 14735000 7540 510 254500
% Total 1.4 2.6 1.7 6.0
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Malden
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 9090000 4470 373 34800
2001 6404000 3180 269 24600
2002 4206000 2020 176 15400
2003 11520000 5730 475 44900
2004 10119000 5010 417 39200
2005 12756000 6150 512 48300
2006 11399000 5520 460 43200
Total 65494000 32080 2683 250300
% Total 6.4 11.2 8.8 5.9
Muddy
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 1537000 250 31 6800
2001 862000 160 20 4300
2002 296000 60 8 1600
2003 1753000 340 42 9100
2004 1486000 270 33 7300
2005 2399000 380 48 10400
2006 2032000 330 41 8800
Total 10364000 1790 222 48300
% Total 1.0 0.6 0.7 1.1
Quinapoxet
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 75237000 18770 1594 320200
2001 53086000 12430 1113 203100
2002 18632000 3950 494 55000
2003 96725000 24450 2026 419700
2004 79517000 18820 1600 318700
2005 128865000 27700 2277 472700
2006 104445000 22630 1915 387300
Total 556507000 128750 11018 2176700
% Total 54.1 45.0 36.1 51.4
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Stillwater
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 41744000 8460 1946 175000
2001 31806000 6210 1340 122100
2002 25269000 6350 1381 126100
2003 54544000 10750 2510 223000
2004 48922000 9800 2266 201600
2005 72980000 12370 2907 255300
2006 60508000 10760 2518 224700
Total 335772000 64700 14868 1327700
% Total 32.7 22.6 48.7 31.4
W Boylston
Year Discharge Nitrate (kg) TP (kg) TOC (kg)
2000 1522000 3440 40 4200
2001 1451000 3290 39 4400
2002 1170000 2790 34 4100
2003 1600000 3490 40 4500
2004 1574000 3460 40 4600
2005 1708000 3600 42 4700
2006 1673000 3600 42 4400
Total 10698000 23660 278 30900
% Total 1.0 8.3 0.9 0.7
